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INTRODUCT ION

This is the final report of a research program carried out at Rocketdyne

between I March 1979 and 28 February 1982. The purpose of this program was to

explore the synthesis and properties of energetic inorganic halogen oxidizers.

Although the program was directed toward basic research, applications of the

results were continuously considered.

Only completed items of research, which have been summarized in manuscript form,

are included in this report. A total of 21 technical papers were published

and 6 papers are in press in major scientific journals. In addition, 12 papers

were presented at international and national conferences. A further testimony

to the creativity of this program is the fact that it resulted in 6 U.S. patents

issued and 4 pending. The technical papers and issued patents are reproduced

in Appendix A through GG.
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and Methods.
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26. "Synthesis and Characterization of TeF 5OF," by C. J. Schack, W. W. Wilson
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+
28. "The use of Anhydrous HF as a Solvent for the Synthesis of Novel NF4 and
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K. 0. Christe, C. J. Schack, and E. C. Curtis, American Chemical Society -
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30. "Handling of Fluorine," by K. 0. Christe, Material Research Council Meeting,
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31. "Synthesis and Characterization of NF 4CIO NF 4HF 2(.XHF) and Cis and Trans
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Winter Fluorine Conference, Daytona Beach, Fla. (February 1981).

35. "Perfluoroammonium Chemistry," by'K. 0. Christe, 1981 Inorganic Gordon

Research Conference, New Hampton School, N. H. (August 1981).

36. "Reaction Chemistry of CF N ," by C. J. Schack and K. 0. Christe, 1981
33'
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4
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38. "NF4+ Salts of Heptafluoro Anions," by W. W. Wilson and K. 0. Christe,

1981 Pacific Conference on Chemistry and Spectroscopy, Anaheim, CA

(October, 1981).

39. "Pentafluorotellurium Hypofluorite," by C. J. Schack, W. W. Wilson and

K. 0. Christe, 183rd National ACS Meeting, Las Vegas, Nev. (April 1982).
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41. "Self-Clinkering NF4 Compositions for NF 3-F2 Gas Generators and Methods
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42. "Self-Clinkering Burning Rate Modifier for Solid Propellant NF 3-F2 Gas
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U.S. Pat. 4,163,773.

43. "N2 F 3SbF 6 and its Preparation," by C. J. Schack and K. 0. Christe, U.S.

Pat. 4,163,774.

44. "Displacement Reaction for Producing NF4 PF 6 ," by K. 0. Christe and

C. J. Schack, U.S. Pat. 4,172,881.

45. "Self-Clinkering NF4 Compositions for NF 3-F2 Gas Generators and Method of

Producing Same," by K. 0. Christe, C. J. Schack and R. D. Wilson,

U.S. Pat. 4,172,884.

46. "High Detonation Pressure Explosives," by K. 0. Christe, U.S.

Pat. 4,207,124.
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48. "Peroxonium Salts," by K. 0. Christe and W. W. Wilson.

+
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RESULTS AND DISCUSSION

In view of the very large amount of data generated under this program and their

highly diversified nature, we will restrict ourselves to highlight only those

areas that are most important and in which our efforts were most heavily

concentrated.

NITROGEN FLUORIDE CHEMISTRY

For a long time, nitrogen fluorides have been of great interest as advanced

oxidizers for rocket propulsion. Of these, nitrogen trifluoride is the most

important compound because it combines a high fluorine and energy content with a

remarkable inertness. Its only major drawback is its low boiling point of -129 C.

Therefore, the conversion of NF3 into stable storable solids without significant

loss in energy was highly desirable. The first step in this direction was

undertaken in 1965 when one of us, under ONR sponsorship at Stauffer Chemical

(Ref. 1), discovered the existence of the stable NF AsF salt. However, it was
4 6

not until 1971 when, with the advent of chemical HF-DF lasers, the interest in

storable NF -F sources was renewed.
3 2

It became rapidly obvious that NF4 salts were the most promising oxidizers for
solid propellant NF3-F2 gas generators. The concept of such a gas generator was

conceived (Ref. 2) and, to a large extent (Ref. 3 through 9), developed at

Rocketdyne. It offers significant logistics and safety advantages over cryogenic

or storable liquid oxidizers.

In a chemical HF-DF laser, F atoms are generated by burning F2 in a precombustor

with a fuel, such as hydrogen:

F 2 + H - HF + F.

.4 10
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The F atoms are subsequently reacted with a cavity fuel, such as D2 , to produce

vibrationally excited DF as the active lasing species:

F. + D2 + DF* + D

In the original solid F atom generator concept (Ref. 2), the F atoms were directly

generated by burning the solid propellant grain, thus eliminating the need of a

precombustor. This concept is demonstrated for NF BF with a small percentage of
4 4

Teflon serving both as a fuel and a binder. The heat of reaction (Q) is suffi-

cient to dissociate most of the NF3 and F2 to F atoms and N2:

NF4BF4 + (CF2) _- CF4 + BF3 + NF3 + Q

2NF 3 + Q -> N2 + 6F.

From a practical point of view, however, such a direct generation of F atoms is

not desirable, since it does not allow the necessary flow controls and flexibility

required for operation. Consequently, the concept was modified to that of an

NF 3-F2 molecule generator, using a gas catch tank. Further modification of this

concept became necessary, when system analysis data revealed that gaseous by-

products of high molecular weight and low C /C significantly degrade the perfor-p v

mance of a laser. Consequently, an NF3-F2 gas generator was desired that would

produce no gases other than NF3 and F The latter objective can be achieved by

a so-called clinker system in which the BF3 byproduct is converted by an alkali

metal fluoride to a nonvolatile BF4  salt:

+Q
NF4BF4 + KF- KBF4 + NF3 + F

Whereas the feasibility of such a clinker system approach has been well

demonstrated, the addition of KF lowers the NF3-F 2 yield per pound of solid

propellant and the possibility always exists of having incomplete clinkering.

+

Realizing these limitations, we have developed "self-clinkering" NF4  salts

(Patents 41 and 45). These are salts derived from anions that will yield

LM1



nonvolatile fluorides, such as SnF 4or iVafethrldcopsin.Tt

firings of these salts in formulations, however, revealed problems. The "non-

volatile" fluorides were found to be not so nonvolatile after all, and either

sublimed or were blown as fine dust throughout the system. Furthermore, very

high fuel levels were required to burn these formulations. To be able to fire

these formulations, it was necessary to add some alkali metal fluorides as

burning aids and to develop burning rate modifiers (Patents 42 and 43). It was

found possible to increase the fluorine yields by using the lighter LiF instead

of KF in some of these formulations and to use less than the stoichiometric

amount (Patent 50).

As reported in the prec.eding final report under this program (Ref. 10), the

NF 4+salt with the highest theoretical fluorine yield (64.6 weight % before

burning) was (NF 4)9N iF 6*However, this salt had the disadvantage of being of

limited thermal stability and did not completely meet our long-term storability

requirements. We therefore searched for other high fluorine yield NF 4 salts

and found with ONF 4 ) 2MnF 6 a compound which approaches the fluorine yield of

the nickel salt, but is thermally more stable (Paper 11, Patent 49).

Since (NF 4)2 ReF 4and (F43A 6have very high theoretical fluorine yields,

(see Table 1), we have pursued the syntheses of these two compounds. Although

our efforts to prepare these two compositions were unsuccessful, we succeeded

partially in that NF 4AlF 4and NF 4Be 2F 5(paper 22) were prepared.

+
We have continued our search for highly energetic NF salts which are useful

4
for applications such as high detonation pressure explosives (Patent 46). For

* example, we have prepared and characterized NF4 ClO4 (paper 7); however, the

compound is too unstable thermally to be of practical use. The attempts made to

prepare NF 4 +salts having NO 3  or halogen fluoride based anions were also

unsuccessful, but resulted in extremely interesting reaction chemistry (see

* below).

m4 In our search for novel energetic NF 4+salts, we prepared and characterized

0iIN 4 F2* Alhough this salt is thermally unstable and cannot be isolated

12



TABLE 1. THEORETICAL FLUORINE YIELDS OF
NF -F GAS GENERATOR COMPOSITIONS

3 2

USABLE F CONTENT
SYSTEM (WT%) BEFORE BURNING COMMENTS

(NF4)2XeF8  71.7 REQUIRES NO CLINKERING. AGENT
DIFFICULT TO SYNTHESIZE. HYDROLYZES
TO SHOCK-SENSITIVE XeO 3. EXPENSIVE.

(NF4 )2BeF4  71.7 UNKNOWN

(NF4 )3AIF 6  69.3 UNKNOWN

(NF4 )2 NiF 6  64.6 MARGINAL LONG-TERM STORABILITY

NF4XeF 7  62.9 SAME AS FOR (NF4)2XeF8

(NF4 )2MnF6  59.9 REQUIRES BURNING AID

(NF4 )2SiF 6  59.0 REQUIRES CLINKERING AGENT

(NF4 )2 TiF 6  55.6 REQUIRES BURNING AID

NF4BF4  54.0 REQUIRES KF AS CLINKERING AGENT

(NF4 )2GeF6  51.8 REQUIRES CLINKERING AGENT

NF4 AIF 4  49.2 REQUIRES BURNING AID

NF4Be2F5  46.8 VERY TOXIC. REQUIRES BURNING AID

(NF4 )2 SnF6  46.0 REQUIRES BURNING AID

NF 4PF6  40.4 REQUIRES CLINKERING AGENT

NF4GeF 5  36.9 REQUIRES CLINKERING AGENT

NF4 AlF 6  34.1 REQUIRES CLINKERING AGENT. TOXIC.

NF4SnF 5  31.3 REQUIRES BURNING AID

NF4SbF 6  29.2 REQUIRES CLINKERING AGENT

NF4BiF 6  23.0 REQUIRES CLINKERING AGENT
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completely free of some solvated [IF, this compound turned out to be an

extremely useful intermediate. It was found that, by the repeated reaction of

+
this salt with a large excess of a Lewis acid, new NF salts could be prepared

4
which are derived from Lewis acids that are weaker than HF. Synthesis of these

salts by the standard technique, i.e., metathesis in anhydrous HF or BrF 5

solutions, had proven impossible due to displacement of the Lewis acid by the

solvent. Using solid NF 4HF2.nHF as a starting material, we have successfully
+

prepared and characterized the following new NF4  salts: NF4 UF 50 (paper 13),

NF 4WOF5 (paper 18), NF 4 WF 7 and NF 4 UF 7 (paper 24), (NF4)2 SiF6 (paper 19), and
NF4XeF 7 (paper 25). The last compound was successfully converted to (NF4)2XeF8

by a photoselective laser-induced reaction:

1 o
2NF XeF 4880A (NF ) XeF + XeF

4 7 laser light 4 2 8 6

The NF 4XeF 7 starting material is yellow and strongly absorbs the blue laser line;

whereas, (NF 4 )2 XeF 8 is white and therefore does not absorb the light. Attempts
undertaken to convert NF 4XeF 7 into (NF4)2XeF8 by simple heating were unsuccessful

since both compounds decomposed at comparable rates.

Th F+ NF+
The NF xenon fluoride salts are the first known examples of a NF noble gas

compound and also ari the most energetic NF + salts presently known. (NF4) 2 XeF 8

has the highest theoretical fluorine yield (see Table 1) and with TATB gives a

theoretical detonation pressure of 498 kbars. The drawbacks of these compounds

are (1) the high cost of xenon, (2) the hydrolysis of XeF6 to XeO which is

extremely shock sensitive, and (3) the difficulty encountered with a scaleup of

the laser-induced photo synthesis. The advantage of the compound is that no

clinker-forming agent is required because Xe, the only gaseous byproduct, does

not deactivate an HF-DF laser. Also, the ratio of F 2:NF 3 (j:2) is higher than

for any other known NF 4+ salt.

+

As can be seen from Table 1, most of the new NF 4  salts synthesized during this
4

contract rank at or near the top of the performance list and, therefore, signifi-

cantly contribute to the choice of materials available for NF 3-F2 gas generators.
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+

Since most of the advanced NF4  salts are prepared from NF 4SbF6 as a starting

material, it was also important to simplify its synthesis as much as possible.

The previous best synthesis involved the following two steps:

SbF 3 + F2 ' SbF 5

SbF 5 + F2 + NF3  NF 4SbF 6

This synthesis was simplified to a one-step process (paper 6) according to:

SbF + 2F + NF - NF SbF
3 2 3 4 6

+

Excellent progress was made in the general characterization of NF salts. Thus,
4

the formation and decomposition mechanism of these salts was studied and

classified (paper 4), thermodynamic properties were experimentally measured

(paper 20), the general valence force field was determined from 14N - 15N

isotopic data (paper 9), and analytical procedures for NF4 + salts were worked

out (paper 14). Considerable efforts were made to obtain a crystal structure for

one of the NF4+ salts. Single crystals of NF4 SbF 6, NF4 Sb2 F i, and NF 4BF4 were

successfully grown and X-ray diffraction data were collected at the Rockwell

Science Center, USC, and the University of Leicester, England. However, in all

cases we were unable to sufficiently refine the data. At this point it is not

entirely clear whether these difficulties are due to ion rotation and disorder

phenomena or are caused by poor starting solutions used for the refinement.

1' +

The reaction chemistry of NF4  salts also was studied. The most important4+

reaction discovered was the general ability of NF4 + salts of oxyanions to
thermally decompose to give the corresponding hypofluorites in high yields and

purities. The following systems were successfully demonstrated (papers 2, 7,

10, 16, 26):

NF4 CIO 4  NF3  + FOCIO 3

NF4SOF NF 3  + FOSO2F

15



NF4IF402 + NF3  + FOIF40

NF4 TeF 50 NF 3  + FOTeF 5

and led to the syntheses of the first known examples of iodine and tellurium

hypofluorites.

+

In addition to the above-described NF4 work, we have also undertaken extensive

efforts to prepare novel energetic anions which we hoped would be stable and

compatible with NF4+ salts to make solid "super oxidizers." Target ions
4

included -NF2 substituted anions, such as I(NF2 4  and B(NF2 ) There is a

definite need for such energetic anions, because the conventional C10 and NO

anions were shown by this study to form only unstable NF4+ salts. So far, how-
4

ever, all our efforts in this direction have been unsuccessful.

Studies also were carried out on the preparation of the unknown H2 NF molecule

and -NF2 substituted halogen fluorides, such as IF 4NF 2 . So far, however, these

experiments have been unsuccessful.

HALOGEN FLUORIDES AND OXYFLUORIDES

In the area of halogen fluorides, the improved synthesis of fluorine perchlorate

from NF4 ClO 4 (paper 7) allowed us to better characterize FOC1O 3 (paper 27) and to

study its addition reaction across olefinic double bonds (paper 1). For the

determination of a reliable force field of FOCIO 3, it became necessary to deter-

mine a general valence force field for the closely related FCIO 3 molecule. This

was achieved by the use of 35Cl- 37Cl isotopic data and ab initio calculations

(paper 15). The gas-phase structure of CIF 0 was determined by electron diffrac-
3

tion (paper 21) and revealed the existence of directional repulsion effects by

lone valence electron pairs and 71 bonds in trigonal bipyramidal molecules

(paper 12).

_q+

Since SF4 is isoelectronic with CIF4 and since the vibrational spectra of the

latter are still in question, a reliable general valence force of SF was
4
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determined from 32S 34S isotopic data (paper 5) and ab initio calculations

(paper 8).

MISCELLANEOUS

The protonation studies, which during the previous contract (Ref. 10) led to the

discovery of novel OH SH 3+ and NH 2 F 2  salts, were extended to hydrogen

peroxide. The novel peroxonium cation, H 3 0 2  was prepared and characterized in

the form of several salts (paper 3, patent 48). These salts were of particular

interest as a potential source for a solid-propellant singlet delta oxygen gasr ~ generator for a continuous-wave, oxygen-iodine laser.

In the area of azide chemistry, CF 3N -)was synthesized and thoroughly characterized

(paper 17).

The TeF 5OF molecule, prepared from the corresponding NF 4 +salt (see above), was

also thoroughly characterized, and the results were summarized in paper 26.

CONCLUSION

The results from this contract have again demonstrated that the field of

inorganic halogen oxidizers is an extremely promising and rewarding area of

research. There are many potential uses for novel energetic compounds in tradi-

tional and new applications, such as rocket propellants, explosives, and chemical

lasers, and continuing efforts in this direction are definitely warranted.

Furthermore, the productivity of this program proves the feasibility and benefits

4 that can be expected from well-planned, goal-oriented basic research and

'4 program continuity.

_4
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APPENDIX A

IReprinted from Inorganic ('hemistry. 18. 26 19 ( 19791.]
(opyright c 1979 by the American Chemical Society and reprilited by permission of the topyright vner.

Contribution from the Rocketdyne Division of Rockwell on FOCIO 3). The following temperature-vapor pressure data were
International Corporation, Canoga Park, California 91304 measured (*C, mm): 46.6, 4; 22.7. 17; -9.3, 36; 0.0, 59; 10.6. 99;

22.0, 161. The vapor pressure temperature relation is described by
Reactions of Fluorine Perchlorate with Fluorocarbons and the equation log P = 75257 (1571.94/7) (pressure in mmHg and
the Polarity of the 0-F Bond in Covalent Hypofluorites temperature in K) with a calculated normal boiling point of 65.2 *C

and a heat of vaporization of 7.19 kcal/mol. A vapor density of 265
Carl J. Schack* and Karl 0. Christe g/mol was measured compared to a calculated value of 268.5 g/mol

for C3F7C10 4. Strong mass spectral peaks were found for the ions
Received March 9. 1979 C2 F4ClO 4". C3F7 , CFCIO,4 , C3FiO., CF 3-, CF, , CF 40, CF 4

+.
CF 3 ,O+ CIO,+, C2FO0, CF) (base peak). C10 2 , COF 2 , CIO+,

Although FOCIO 3 has been known for decades,'- ' its re- CF,*, and COFr. The following infrared bands were observed (cm',
action chemistry has remained virtually unexplored and is intensity): 1340 (sh), 1325 (sh), 1290 (vs). 1250 (sh), 1235 (vs), 1200
limited to references to unpublished work, cited in a review.3  (m), 1171 (w). 1153 (m), 1119 (is). 1088 (m). 1026 (s), 988 (s),

This lack of data is attributed to the previous report2 that 968 (in s). 784 (%), 746 (m), 723 (%), 676 (in), 641 (m-s), 614 (s),
FOC103 consistently exploded during attempted freezing. 530 (%).

Reaction with Tetrafluorothylene. Fluorine perchlorate (0.61
During a study4 of N F4CO.I, it was found that very pure mmol) and CF4 (0.62 mmol) were combined at -196 *C in a I0-mL
FOCIO 3 could be obtained in high yield by the thermal de- stainless steel cylinder. Bv evaporation of the liquid nitrogen from
composition of NF 4CIO 4. The FOCIO 3, prepared in this a liquid nitrogen drs ice slush used to cool the reaction cylinder, the
manner, could be manipulated and repeatedly frozen without temperature was allowed to slowly rise to -78 °C and finally over
explosions, thus allowing us to study some of its properties5  several days by loss of solid (O to about 45 *C. Fractional
and reaction chemistry. condensation of the products at - 112 and - 196 *C permitted the

Of particular interest to us were the reactions of FOCIO3  isolation of CFsOCIO (0.42 mirnol, 68% yield) which was identified
with fluorocarbons. Previous work' in our laboratory had by its known vibrational, NMR, and mass spectra." Smaller amounts
demonstrated that CIOCIO, and BrOCO1 3 add readily to of CF,CFO. C,F5. Cl, and 0, were observed as byproducts.

Reaction withTrifluoromethvl Iodide. Into a cold ( 196 C) 30-mL
fluorocarbon double bonds, resulting in covalent fluorocarbon stainless steel cylinder CF3I (0.66 mmol) and then FOCIO3 (1.40
perchlorates. Consequently, one would expect fluorine per- imoll were condensed. Warm-up to about 45 °C was accomplished
chlorate to undergo a similar reaction. However, a literature slowly as noted in the preceding example. After several days at -45
citation3 suggested that FOCO13 does not add across the double *C the reactor was recooled to - 196 *C. and the presence of a
bond in CI,C CF 2. Furthermore, reactions of covalent considerable amount of noncondensable gas (oxygen) was noted.
hypofluorites, such as CF;OF, are commonly interpreted in Fractionation of the condensable products showed a mixture of COF,,
terms of a highly unusual CF3O-F"' type polarization of the CF4, Cl1, I, IF7, and a solid iodine oxide to be the principal species
0- F bond ("positive fluorine"). If the O-F bond in CFIOF present. However, a small amount of CF3OCIO 3 (0.05 mmol, 8%
is indeed polarized in this direction, the fluorine in FOCIO yield) was also found and identified by comparison with reported data.'

should be even more positive because of the higher electro- Results and Discussion
negativity of the perchlorato group. Since the direction of the Under carefully controlled reaction conditions, similar to
addition of a h pohalite across an unssnimetrical olefinic those previously used for the polar additions of CIOCIO3 and
double bond trongly depends on the direction and the degree BrOCIO ,, fluorine perchlorate as found to add across

of polariation of the 0 Hal bond.' a study of the olefinic double bonds in high yield. With tetraflioroethvlene
OCI0f ,(_ I- F .:, reaction s\stcm offered an ideal op- the following reaction occurred:
portunitN to experimcntall'. test the %alidity of the "positive 4 *C
fluorine" concept. CF,.CF2 + FOCIO - CFCF2OCIO,

With the unsymmetrical olefin perfluoropropylene a mixture
Experimental Section of two isoners was found

(aution \ih ugh no explosions were encountered in the present s°
study. FO( 10, nu,t be considered a highly sensitive material and CF;ACI(V-I- + FOCIO
should be manipulated only in small quanitiies with appropriate safct C(F,CF ?CF-OCIO, + CFCF(OCIOj)CF,
precautions. 68% 32%

Apparatus and MIaterials. Volatile materials were manipulated in These to perfluoropropyl perchlorates are novel compounds
a well-passivated w vith ('IF) 304 stainless secl sacuumrn line equipped which w ere identified bN %apor densi measurements and
with Teflon-FI:P I -trap, and belhos-seal %akes Pressures %ere
measured with a Heise Bourdon tubc-type gage (0 I 5,(X) riam. :0 1%) ,spectroscopic data. The presence of the covalent -OCIO

Infrared spectra were recorded on a Perkin-hiner Model 2s; group was demonstrated by infrared spectroscopy which

spcetrophotometer The F NMR spectra were recorded on a Varian showed the intense bands typical of this group' at 1290
Model!M 390 spectrometer at 94.6 MHz using Tcflon-FFP samplc ("(CIO )), 1026 (,(CIOm). and 614 cm 1 ('(CI 0)).
tubes (CS I aboratorN Supplies) and CFCIA as an internal standard Additional support for the cosalent perchlorate structure was
Hcxafluoropropylene and CFII were purchased while (f, -('t2 wa, obtained from the minas spectrum which showed strong peaks
prepared by pyrol zing Tef'n,. Fluorine perchlorate was obtained for the ions. CIO, . COW. and ClO* but not for C10 4 , asfromthe ecoposiionof N CI4 . 5'
from the decomposition Of NF 4CO 4 .'

1  is generally the case for fluorocarbon perchlorates. A parent
Reaction with ltexaluoropropylene. A 30-ml. stainles.s steel clinder ion was not observed, and the highest m/e was CF4CIO1*,

was loaded at 196 'C with FOCiO, (1.59 mmol) and (F,, j I10 i.e., the parent mnus a CV," group.
mtol). The closed cylinder was warmed to 45 *C and kept at that (ias chronatography, of the product revealed a slight
temperature overnight. Separation of the products was achieved by
vacuum fractionation in U-traps cooled at 78, 95. and 196 - asymniery for the CFCIO 4 peak, thereby indicating the

The coldest trap contained unreacted CIF6 together with VCIO. presence of isomers. This was confirmed by 9 F NMR
(.l (FO. ind a small amount of((F 1ICO. In the other traps only spectroscopy. show ing that both possible adducts were formed.

the colorless liquid (,-,OC101 was found ( 1. 18 mmol. 74% yield based The observed chemical shifts and coupling constants, together
t A-i
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Chart I In contrast to the olefin addition reactions, the reaction of
FOCIO 3 with CF31 was more difficult to control. The primary

85.3 93.5 82.0 89.7 128.8 78.9 146.0 (ppm) reaction path appears to have involved oxidation of the iodine
CI -CF,-OCO, CI -("'I -C12-OCIO, Ci 3.Ct"-lFi"1 followed by degradation to oxygenated and fluorinated species.

0('10, Nevertheless, a modest yield (8%) of the desired perchlorate,
q t q t t q d h d CF 3OCIO3 , was realized. By comparison, the CIOCIO 3-CF 31

.L 7 J L -2 -L25 - H reaction is also vigorous but can be controlled to give a nearly
L 1 . 7 5  .5i quantitative yield of CF 3OCIO 3.'

0.5 In summary, it has been shown that FOCIO 3 can add to

with higher resolution data than previously reported' for carbon-carbon double bonds to produce alkyl perchlorates in
C2F5OC1O3, are summarized in Chart I (d = doublet, t = good yield. The formation of two isomers with the unsym-

triplet, q = quartet, h = heptet). The resonances of fluorines metrical olefin CF3CF=CF, indicates that the O-F bond in

geminal to a perchlorato group were broadened due to chlorine FOCIO 3 is of low polarity and does not justify the assumption

quadrupole relaxation. On the basis of their relative peak of significant positive character for fluorine. Since a CF30-
areas, the ratio of the two isomers was n 68% and iso 32%. group is considerably less electronegative than a 03CIO-

The fact that in the reaction of FOCIO 3 with CF 3CF==CF2 group, the above results imply that, contrary to general ac-

both isomers are formed significantly differs from the pre- ceptance, covalent hypofiluorites, such as CF 3OF, do not

viously reported' CIOCIO 3 and BrOCIO 3 reactions where contain a positive fluorine. Indeed, it would be most difficult

exclusive Markownikoff type additions occurred. The latter to rationalize how the addition of fluorine to a less electro-
produced 100% of CFjCFXCF 2OCIO3, as expected for a polar negative element, such as carbon, would render the latter more

addition of the positively polarized terminal halogen to the electronegative than fluorine itself.
carbon with the highest electron density.7  Acknowledgment. We gratefully acknowledge helpful

+discussion with Dr. L. R. Grant and financial support of this
CFCF-CF2 + C 6 -O-CIO3 -- CFCFCICFOCIO work by the Office of Naval Research, Power Branch.

The formation of both isomers (n and iso) in the corresponding Registry No. FOCI10, 10049-03-3: CFCF2CF,0C00 3, 70749-47-2;
FOCIO 3 reaction suggests that the F-O bond in FOCIO 3 is CF5CF(OC10,)CF3  70749-48-3. C,F OCI03.22675-67-8; CFOCIO 3,
not strongly polarized in either direction. This is not surprising 52003-45-9; C3F,, 116-15-4: C2F4, 116-14-3: CF3I, 359-37.5.
in view of the known very small dipole moment (0.023 D) of References and Notes
the closely related FCIO 3 molecule9 and the expected similar (1) F. Fichter and E. Brunner, Heh'. C'him. Acta. 12, 305 (1929).
electronegativities of a -C10 3 and an -OC10 3 group: The fact (2) G. H. Rohrback and G. H. Cady, J. Am. (hem. Soc., 69, 677 (1947).

that the percentage of n isomer was somewhat higher than that (3) F. W Lavless and 1. C Smith, "'Inorganic High-Energy Oxidizers",
Marcel Dekker. New York, 1968. pp 164-5.of the iso isomer can be explained by steric effects (bulky CF3 (4) K. 0. Christe and W. W Wilson. unpublished results.

group) and is insufficient reason to postulate a strongly positive (5) K. 0. Christe and E. C. Curtis, unpublished results.
fluorine in FOCIO3. The occurrence of a free-radical 16 C..) Schack, D. Pilipovich. and J. F Hon. Inorg. Chem., 12,897 (1973).
mechanism is unlikely in view of the high yield of the products (7) C. J. Schack and K. 0. Christe, Isr. J. Chem.. 17. 20 (1978).

(8) C. J. Schack, D. Pilipovich. and K. 0. Christe. Inorg. Chem., 14, 149
(74%), the mild (-45 *C) and well-controlled reaction con- (1975)
ditions, and the absence of detectable amounts of C3F8 and (9) K. 0. Christe and C. J. Schack, Adc. Inorg. Chem. Radiochem., 18, 319
C.F 6(OC10 3)2 in the reaction products. (1976).
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APPENDIX B

INORG. NUCL. CHEM. LETTERS vol.PN, pD. 375-B76

Pergamun Press Ltd. 1979. Printed iii G;reat Britaii

Cis- and Trans- IODINE (Vii) OXYTETRAFLUORIDE
HYPOFLUORITE, OIF4 OF

Karl 0. Christe and R. D. Wilson

Rocketdyne Division of Rockwell International

Corporation, Canoga Park, CA 91304

!(h',-u O, 22 dun 1979)

To our knowledge, only two examples of a halogen hypofluorite

are presently known. These are FOF (I) and O3CIOF (2). Compounds

containing an -OF group attached to either bromine or iodine have

previously not been reported, Since the thermal decomposition of

NF4CIO 4 produces 0 CIOF in high yield (3,4), it appeared interesting
3 +

to study the interaction of NF4 salts with other perhalate anions.

Metathetical reactions between NF4SbF 6 and CsXO 4 were carried

out in anhydrous HF solution as previously described (5). The

solutions were cooled to -78'C and the insoluble CsSbF6 precipitate

was separated from the solution by filtration. The HF solvent was

pumped off at -30'C and the residue was allowed to undergo thermal

decomposition during warm up. Although for CsBrO 4 the desired 0 3BrOF

could not be isolated, its expected (6) decomposition products,

FBrO2 and 02, were observed. Since CsiO 4 undergoes (7) fluorination in

anhydrous HF solution according to

104 + 4HF- IF0 + 2H20

the CsIO 4 was first converted to CsIF 4O2 which was then used for the

metathesis. The thermal decomposition of the resulting metathetical

product generated two novel iodine (VII) compounds which were identified

by chemical anlaysis, molecular weight (clcd 253.9, found 254.5),

infrared (cm
- , int, 918 Ins, 688 vs, 655 m, 584 uw) , Raman (vl=0925 and

914, vOF 890, vIF and 1-0 679, 651, 630, 622, 584), 
19
F NMR (-OF of trans

4 isomer: quintet at -202 with J FF= 36 Hz, -OF of cis isomer: multiplet

F
~0

OF F F

trans cis

B-1
O .. .
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trans is B-



37b Cis- Jud Trans- lidile(V11) OxyLeLrafluoride HypofluoriLe

at . - 176), and mass spectroscopy as an approximately 2:1 mixture of

the two stereo isomers cis-OIF 4OF and trans-OIF 4 OF.

These two isomers possess very similar volatility and could not be

separated even by gas-chromatography. The isomer mixture is white as

a solid (mp = -33°C), pale yellow as a liquid and colorless as a gas.

It is stable at ambient temperature and can be manipulated in well passivated

stainless steel and Teflon equipment without appreciable decomposition.
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Novel Oniumn Salts. Synthesis and Characterization of the Peroxoniumn Cation, 12(01
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Receired March 5. 1979

The synthesis and properties of' II O2 Sb1- 1  It 0 2 5Sbl and 'I,0 2*Ast,. the first knowni cxrttplc% of peroxonium
salts, are reported. These salts were prepared by protonation of 1I,0, in anhydrous III solutions of the correspotnding
Lewis acids. They were isolated as metastable solid, which underwent decotipositiot to the ic rresjstnding 11i0* salts
and 02 in the temperature range 20 50 O( t he It (t* salts were characteriz'ed by ' tibratitinal and ss MR spt:ciroscop
Modified valence force fields were computed for the isoelctromte series lI0 W ( tI. NOH. arnd t2N N It The onitit '%
of their observed spectra and computed force fields suggest-s tfiat the tons are s~ostrutural with Ilt )I ahich possess
C, symmetry with the unique hydrogen being trans to the other two It' drogens The influece if prolonation on the strithine
frequency of the two central atomsN is discussed for the seriesHO 11001 I()I. 11,00WlI. 'I.11I ,INl~ I\NNII.'
and H3NN H32* Attempts to protonaic both oxygeni aioii in 11202 to frmt I I0 () iSbl , resulted iitit 11 *Sb -I
as the only product. The strongly oxsidi/iiig I eats acid Hit ,underwent a redon recttioti a h I1.(. In lit ,resulting in
quantitative reduction of Bits, to Bi,- iactoitpaioed h 03 esoluiori %khent a 2 1 ecess of Hit .Ia used. t) dddUi formed
hasing the approximate coniposition Bit- -HBit-, lltntti tumitureif solid I ,0*St w ith. tiron 5 'h% l,;,rniInv vril
such as BiF, or Cs.Ni 5

5 . resulted III .t green cliciiiiiieceiic baudt ctcrcd it 1 Sit A

Introduction ltibn fteliitiati'i oi plastm lines Scaled quirt, or Jeflon-It-UP tubes
Anhydrous H F Lewis acid solutions arc idcallv suited to were used as sitmple soiioncrs in the transverse-viewing. iran-

protonate less acidic substrates. [his techlnique 1has tc- %scrse-cotation tchnique I lie la -temperature spectra were re-
corded wth a prcsiousl described ' dCLsCe Polarizatton measurementscessl'ully been applie d to the isolation of novel salts cotiintg were carried out according to nicihod VIII1 listed b~ (laassen et al '

the I~t' H1~i- N 1~F. an Asta' atins. inc [)bsc Scherrer powder patterns were taken with a (GE Model
all these cations contain a single central atom, it appeared \RD- diffractotiter Samnples, were sealed tit quartz capillaries
interesting to extend this method to a substrate contaitting two -0 s- II d I
central atoms, such as H,O,. In such a case, both single and J he NI and 'Ii N MR spectra were recorded ai h4 Is and 90 MIH7,
double protonation are possible. and the influence of pro- rcspccitselN. oin a N ariait Mtel I M 190 spectrometer equipped with
tonation on the strength of the bond between the two central a sariable-temperatture probe: Chemical shifts were determined relative
atoms can be studied. Such effects arc well-known' for the to external CF(CIt and Mel,Si. respectiselN
related hydrazine molecule. Although the HO. anion is .A Perkin-Elmer differential scanning calorimteter. Model DSC- IB.

knowSi to ur nowldgethecorrspodingcatons eried as used for the determination of the thermal stability of the
fromHO hae ony ben ostlate," ut ot carateried compounds The saniples were sealed in aluminum pans, and heating
fromH.O hav ony ben pstuated'' ut nt earacert'ed rates of 2.5 and l0'/mn were used.

or isolated as salts.' I-or the chemtluttinesccnce experiments. li3O.,SbFI,, was mixed
Further interest was added to this studs b,, the fact that with either solid Bit-sor ( s,Nt, and placed into the bottom of a Pyrex

HO. is a starting material for the generat'ion of excited gls uewihwseuipped with Istopcosck. The tube was
molecular oxygen which in turn is of great iterest for at near conniected to a tacusiti mtanifold and heated in a d ' namic %acuum
resonant energy-transfer iodine laser. Therefore, the comt- bs, i tircanti oI hot ai ir until gas scol atioi and chettmilurmncne were
bination of an 11,0O' cation with a strongl% oxidizing antioin obserecd I he emitted light was Aalnicd with a 0.5-mt McKee-
in the fotrm of a stable salt could pros ide a suitable solid- Pederson mionochromator uscr the range 2001 10000 A using a

prplatgsgnrtrfor excited oxygcn. spctril slt , dth oI -5 A
proellntgasgeeraorPreparation of 11,0 *sl . IIn ., IpicaiI experiment. .\st-, 5.3;,9

Experimental Section tititi indi anhs droi,lt IH i0 rs - iittlI were combined aii I 9t O*

Materials and Apparatus. Volatile mtaterials used in this "ork acre 1.i. passitd [efon-I tsP itnipuie equipped with a ie The ntmi-.re
manipulated in w-ell -passivait ed (with (It, anid lit> ) acuiiles a.,, .,lloaed to mcli aind homogenize I he amtpule was theti taken
constructed either entirely front Monel Teflon.Ilt P or entircls f'roi to the dr% boy. aind H.()., of 99) 95%,i purith j1 29 mmoll "as syringed
Teflon-PFA with injection- molded fittings and valses (Iliitroaarc in at 190 O( I he impute was, trinsferred back to, the vacuum line
Inc.). Nonvolatile mtaterials were handled in the dr\ niiri'icen i- ind et cutetd mi 191 0C. it was then kept at IS "C for 2 da~s to
mosphere of a gltmvebitx. Hydrogen fluoride was dried by trcatit .111", itciioti \ftr this pxr od. noe denicrce a as found for nmaterial
with 1.2. tollowed by sitrage over Bit , to reitiove last t ra~es oA 11 (3 norncneiahl c at 1936 *( i c . no (0- c ofat ton The nixt ure "a.s
Antimony pentafluoride and AsIFs 10/ark \tatuitng (o Icc a iriid i. 4 Of-nd -, clearr -lttioti resulted Material Nolatile
purified bN distillation and f'rictional coidetisatton. respvctisci\ at 45 '( .It reiticed b% pumping for 10I h and was collected at
Bismuth pentafluoride (Oz~ark Mtltuntttg ( o.)I was used ats rccicic I )t O Mille .lud residuc resulted which was (if ma~rginarl stabilt

-' Hydrogen peronide (90%. 1I5MC Corp.) was purified b) repeaited at amutbiet tetvpertature On the basis oI the obsersedl material balance
fractional crystallizationii and miaterial of 9190'4, purity, ats .inaly/ed facIiI of 15 29 11tr1tt1l l,0t) \st * alcd. 3 423 g; found. 3.47 g),
by titration with K MnO 4 solution, was obtainable bh this miethoid the conserswiotf 11,0 to I ,0.Asf~ a complete within experimental
All equipment, used for handling 11,0,. was washed with 12 N 11 .SO,, error The comtpound %as showan III infrared and Rama~n spectrOKcop)
thoroughlN rinsed with distilled 110 and dried in an oven prior to to contain the 11i , u i tion .ind"AF5 , anion.''~
use. For the hazards and necessary precautions of handlitig con- Thermal Decomposition of H,0.* F, . A sample of HitOAsF,
centrated H120 2 see ref 12. The synthesis of CsNtF6 has presiousl\ 12S93 tintill was ailliwed to decompote at anmbient temperature An
been described." exitthcrtttic rc.iction oecurred. generating 14 6 inmol of 0, and a white

Infrared spectra %ere reciorded in the range 4000 2001 cii Ion -I solid1 rtiuc ahich was identified by * thrational spectroscopy as
Perkin-Elmer Model 283 specirtphtitometer. Spectra of dry poidcts It O* .\,I,
at room temperature acre oibtained by using pressedl (\ ilk, tirituipecllet Preparation (if It (l-NsIt, . -5 nttmcn\ pentafluoride (27 96 ninoli
press) disks between AgCI wAndows% lI-otemtperature speci acic %,.s talled in the ttfosi to a pissisated Teflon-IT-P ti-tube equipped
obtained as dry powders betweecn (_,I plates with a tecltiique imuitlm "ilit t, eskc antt .i Jefioi coated nmagnetic stirring bar. Anhydrcius
to one previously reported "' 11 022', 9 tiitol) "a, cis ed ,it the sacauum line at 196 *0C and

* ~The Raman spectra a-ere recorded tin a (. try Model X1 spec- thle ixture ".1s htoirogeniicd b% stirring ait 20 *C In the dry box
ttrophotometer using the 41180-A exciting line aind a ( liasscit filter"~ h~tlrogeit peoide 2' -97 ninmoll was syringed Into the tU-tube at '196

1i f-lrtii il from liurcsuuii ilu niil .,. ,ii-i I
1 usp\ri~ht i \ 0ws AIt, i-ri, 111 C, ?-iu f d si - i %.I'd 1. liii I. ., 1'. 1t ...-- Ii 0 1 h , ii.:f\,ij -\%in, I
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*C. The cold tube was transferred baick to the vaicuumi line and Aji, reaidily reduced bN 1.0-. iii IIl solution acc~ording it)
evacuated. The tube %as warmed from 196 to 7K *( for I h with
agitation %which rebulted in the formation ofla fincl " ditided wthitc lilt, + II0. .0 Bii+ 2-111 +o0.
solid. suspended in the liquid III'. When the iiture was% %Artind 'A hen a twofold excess of Bil was used, the foliowin# reaction
to 20 *C, the white solid completely dissolved. No gas evolution was %aosre
observed during the entire warm-up operation, and no noncondenisahir i osre
material could be detected % hen th tic itIure %as cooiled again I, i It 21iif- + H1 0. -a H ifi., + 2111 + J.,
*C The liF solsent Aais pumped tift d 22 'C for I h resulting i I l
7.566 g of a white solid (weight calculated lor '7 % iiii, I he resulting BIit .Bil-, product %%as shown by tibrational
ffOSbV, = 7.570 g). stable at 2o *c Uhe compounid Ais shiwtii spectroiscopy I R a iin 591 ( It), 5M3 (4.6). 5K IS 1 5. 521
by virational spcctromcop% to be conipociedof I11102.' cations and Sbl,. (0.1 ), 496 (0.6). 475 (%h). 232 (0(. br), 120 (0.2. hr I cmI

ain.'" Additional support for the composition of the product IR: 708 (w), 615 is). 606 (sh). 575 (s), 550 (sh). $35 (%s).
wa bandby allowing asample of til,Sbt', to thernmally de. 400 500 (in. vbr) cm 'Inot to be at physical mixture oif Bil

compose at about 45 *C, This decomposition produced 0, and the and BiF,. 2' 22 By analog) with the known Bil- .Sbi , and
known IlOSbF. salt' in almost quaintitative yield SblF, Sbf, system.,- 2K a BiF,-iI--typc adduct appears mtost

Preparation of 110,b 21F,. The synthesis of this compound %as
cariedoutin manerideticl wth hatdesr~bd ausefor'he plausible. However, in view of the cotmplexity of the productscariedoutin mnne idntialit tht dscrbe ab~c or he formed in the SbI-, Sbl- ssstcm.22' Sia detailed charactert,preparation of H O.SbFb. except for using an excess of SbsI, Thus, aino hsBl'i idutwsbyn h cp fti

the combination of SbF, (14 83 nmnol). IfF (407 inimol). and If11 0o2hsBl-ldajutwsbyodtesop fti
(6.83 mmol) produced 3.581 g of a white solid (weight calculamted study.
for 6.83 mniol of Il 102.SbF6-I.l7SbI 5 =3 581 gI. stable up to about Properties. The IIl0O.SbI-. . 11 0.Sb~l . and
50 *C The compound was shown bN vibrational and NMR spc- 110.*Asl , salts are white crystalline solids X-r.iy powder
triopy tocontain the 1110O* cation and Sb,, as the principal anion patterns were taiken for II O:*Sb..I,, but contaited toosimnyni

The HO, HIF BiF, System. Bismuth pentafluoride ( 10.6m iiol), lines to allow indexing.- All t ltese 11'0 - salIts are of marginal
VHF (394 mmol), and 11,02 (10.15 mimol) were combined in a~ thermal stabtlty and Acre shottn to undergo exothermic
passivated Teflon ampule in a manner analogous to that described decomiposition to the well-known' 11,0' salts according to
for the preparation of ii30 SbF, The mixture As wajrmed fromn
- 196 *C toanient temperature. During the warm-up operation gas II .,-- l 3ONml, + ,.0
evolution was observed which w4as accompanied by the format~ion of
a copious white precipitate which showed little solubility in Ill- it Of the above F1,O + salts, the Ast, salt is the leaist stable and
ambient temperature. Bands due to either BiF. or BiF,2i.2' (both easily decomposes at room temperature. The I-,O.Sb.F, 1salt
are strong Raman scatterers) could not beL detected in the Raman was found to be most stable. On the basis of DSC data. its
spectra of either the liquid or the solid phase. The evolved gas was decomposition starts with a small endotherm at 51 *C. fol-
removed from the ampule at 196 *C amnd consisted of 10.1 imiol lowed by a large exotherm. In a scaledi melting point capillary,Aof 0z. The material %olatile at 20 *C was pumped off. lealsing behind decomposition accompanied by foaming was observed at aboutl2.N97 g of a white solid which was identified by vibrational spectroscopy 6 C h hra tblt f1 OS1 sitreit
as BiF 1 _

23 (weight calculated for 10.68 inniol Bit:, = 2,M41 y). eenthsofH0AFad1 1ObF 1.Isoude
When BiF5 and 11,02 in a mole ratio of 2:1 were combined in a tocnhsefHIs ad ,OSF,.1soudb

similar manner in anhydrous liF solution, the weight of the resulting pointed out that the thiermal stability of these H30, salts
w hite stable solid product closely corresponded to that expected for appears to decrease in the presence of free 11.0 Probably.
BiFl.BiF,~ The product wams characteri/ed by vibrational spectroscopy the highl) acidic 1130 * salt cataly/es the exothermic de-
which showed it to be an adduci and not a simple physical mixture composition of 1-1 0 . with the evolved heat promoting the
of Bil 3and BiF5. decomposition of the H30," salt itself.

Resuts ad DscusionThe reaction of H)O,* salts with fluorinating agents ap-
Resuls andDiscusionpeared interesting as a .potential method for the generation

Synthesis. On the basis of the observed material balances, of excited molecular oxN gen (O,*). Antimony pnta fluoride
HO. is protonated in lWF-MI 5 (%M = As. Sb) solutions or SbIE,, were not strong enough oxidizers to fluorinate 11302'.
according to and Bil,. reacted at tos, low% a temperature with H1 0 'to

permit isolation of the desired tI,0.BiF, salt. Therefore, the
11,0, + lit + MiF, - I ,0,Nil concept could not be directly tested to produce O,* by the

No vidncewasfoud fr dubl prtontio, ie..1142 v simple thermal decomposition of a salt composed of IfO,*Non atienc oxdiin Inon Ilowser when soulid pro0 Sb 1 was,110formation, even when SbF, was used in a twofold excess. adi xdzn no.H~~r e ~dt3zbF a
Instead, the polyanion Sb F,, was formted according to mixed at roon, temperature with a solid oxidizer, such as BiF,

or Cis NiF,. and when this mixture was heated to about 80
11,0, + HF + 2Sb~l - H,0 -Sb F,, *C. a reaction occurred which was accompanied by green

(51 '0-A) chemiluminescenice. This 5 150-A band -did notIt is interesting to compare these results with those previously exhibit detectable fine structure, and no additional bands were
reported2 for the NJH4 H FTaF, system for which double observed over the range 2000 10000 A. Consequently. the
protonation. i.e-. NH,2*(TiiF,. )z and Nl1v 24TaF72 for- 5150)-A emission is not attributed to either vibrationall% excited
mation. has been observed. Although other effects, such as I IF2' or 0-."
the relative solubilities of the possible products, are certainly Nuclear Miagneuic Resonance Spectra. The "F NMR

s. important, the predominant reason for the exclusive single spectrum of II,O SbF,5 . I 17SbF, was recorded for a SO,
protonation Of 11202 appears to be its decreased baisicits. solution at 90 'C. It showed resonances (o 91. multiplet:
Whereas N21 141 is a weak base in aqueous solution (pK, I Ill. doublet of doublets: 133. quintet) characteristict for
5.77), H2~02 is a weak acid (pA, 11.6). With increasing SbzI- 11, .In addition,ia weaker doublet at 4b 102 was observed
protonation. the basicity of the resulting cations further de- which is characteristicii"2 for SbV,.SO.,. The quintet part of
creases, and N 21115 ' (pK, = 6.1 ) becomes at weak and N,11,-* this species could not be directly observed since it exhibits a
(pK, = - 1) a strong acid.24 2' Whereas VI W, his ;ii aicidity chemical shift similar lt that of the quintet of SbF 1 , . The
comparable to that oif H-1S (pA, = 7) %w htch is kno" n"' to 1l4irin observationi of siime~ Shl-,.SO. is in excellent agreement with
stable HS' salts, 11,60 ' is lto acidic ito undergo ftirthcr ai piius report" that tire hightest polyanion observed for
protonation to 1140z2+. SN , -tiSbIl, in SO, solution is Sb,[FJ, - with any remaining

Attempts to prepare 11,0,* satlts derisedil itti IMil, were Sbf being cinserted ito SilrI'SO , In addition to the signals
unsuccessful. The latter isiarlatixcls stinig iisitiici irnd is due to SbJ md] Sbi .So., at %ck unresolved signal was

C -2
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Tablet. Vibrational Spectra of l1,0, Asl", II ,0,Sbl', and II ,0Sb. I, and I heli AssigninenIs

obsd freq. kin-' (rel intenso"

11OAsl, II,0:Sbl 11,0 Sb , I assignt (pl yt.,upl

Raman Raman Ranman Raman II(,)11 / SOl

IR ( 196 C') 100 C) IR( 196 () 110"C) (25 IR (25 'C) (25 (C.) (oh )b

3440 sh 3440 (0.8) 3440 %h 3440 ((1, 3447 s t415 (0,) v (A)

3400-3150 vs 3400-3150 vs 140):vs, ,br I. (A")

3228 vs 3230(0+) br 3231 vs 260 , A')
2178w

1535w 1547 (0.4) 15391(1) 1531 in 1530 ,i , ')

1425 Im% 1417(1) 1421 mw 1426(1) 1420 ms 1419 (10) ,A)

12801w
122h mw 1227 M1j+( u, (A"

1115mI n 1126 my, 11301U0 bi 1137s 1135 (10 ) v, (A)

1100m 1065 sh
900 m vbr 965 sh

915 W
870 i 873(0) 87) m%% S79I86) 880154) 878 11.5)

869 in 868 (3) v1 A')
771 (0 2)

728 ,s 734 (39) 089 (5) 730) 688 (1(1)

711 (1.5) 677(111) 667 (10) ,vs. br 664 (0.5) A, gi
60 vs 673(9.5) 666 vs 642 (/) 640 649 (5.4)
635 sit 615

585 m 571 111% 594 mw
559 (2.4) 560 (2)

550 Ins 514 in 555 (0.7) br 565 in 576)07) p. I
528 (1.4) 530 (0.5)

470 m 375 mw 508 11
400(0+) 326 (1) 301 (2 5)

388 vs 309 Ins

370 (5.0) 283 (5) 282 14) 280( 1). (1 :gl
348 Ins 263 (o 9)

316 (1.2) 226 t15) 226 1(+) 236 (2)
202 (2.5) 200(1,5)
189sh 174,3.2) 1671(0) 167sh

149 sh 126 (2.4) 122 (0+) 144(o.6)

129 (3.2) 112 sh

0 Uncorrected Raman intensities, b The assignments given for Sbl,- are for the room-temperature Raman spectrum ofl! ,0,Sbl, in which

Sbl-.- appears to be octahedral due to rotational averaging. In the low-temperature spectra the symmetry of the MI,- anion is much lower

than Oh (see teXt).

observed at 0 106, in agreement with previous observations" donfield, as has previously been demonstrated' for numerous
on the t-BuF,3.8SbF 5 system. This signal is tentatively as- other species. The signal assigned to HO also occurs
signed to some SbF5.H20- or SbFs.H-,OSbF5-type species.3  significantly downfield from those previously reported for

Attempts to observe the characteristic SbF, signal in the HO .4.15 and SbF:.H 20
3' and therefore cannot be due

'9 F NMR spectra of H3O 2SbF 6 in different solvents were mainly to these species.
unsuccessful. In SO2CIF the compound was insoluble. In In HF-AsF5 solution at - 80 *C, onl) a single broad signal
either HF or HF acidified with AsF 5 only a single peak was at 6 11.06 was observed for H3OSbF, indicating rapid proton
observed due to rapid exchange between all fluorine-containing exchange between HO, and the [tF solvent. In SO, solutions
species. In SO2 at -85 *C only two unresolved signals were of 110,Sb,,F1 , two lines at b 9.94 and 11.84. respectivel., were
observed at 0 107 and 127 with an area ratio of 4:1 indicating observed at -80 'C. The relative intensity of the 6 9.94 signal
the possible presence of some (SbFd,,H2O-type species," The varied from sample to sample and also as a function of
failure to observe SbF 6- for H30 2SbF, in SO2 parallels the temperature. With decreasing temperature the peak area of
previous report" by Bacon and co-workers who found that, the 6 9.94 signal decreased more rapidly than that of the 6
unlike CsSb2 F1 , the CsSbF6 salt is rather insoluble in S02 11.84 signal. These observations suggest that the two signals
and Sb2F1 I- is the only observable anion in this solvent, cannot belong to the same species. By comparison with

The IH NMR spectrum of HOFOSbjF, in CIISO(i, previous reports ,1 4 5 the 6 9.94 signal is assigned to H1 O.
solution showed a single broad asymmetric peak. Its line ,width and the more intense 6 11.84 signal is attributed to H.O , .

.3 and chemical shift were temperature dependent. At 20 O( in good agreement with our observations for the CH3SOCHj
its line width at half-height was 81 Hz, and 6 was 11.80 relative solution. The line width of the 6 11.84 signal was temperature
to external Mc4Si with a shoulder on the upfield side. A( 0 dependent and showed a minimum (-7 H?) at about -60 *C.
*C the line narrowed to 36 Hz and broadened again at 60 but no splittings could be observed. With increasing tem-
-C to 72 Hz. With decreasing temperature the line became perature, the 6 9.94 and 11.84 signals moved closer together,
more symmetric and shifted downfield (6 12.20 at -60 'C). indicating the onset of chemical exchange between the two
The failure to observe two different types of protons and the species.
variation of the observed line widths indicate rapid proton The observations of H30 in the proton spectrum and
exchange for H3O2

+. The assignment of the observed signal possibly of a small amount of an (SbF,),.H20 adduct in the
32to HO 2 is supported by its large downfield shift For fluorine spectrum suggest that H1O2SbF 1 may undergo either

comparison, 99% pure H20 2 exhibits between 20 and 30 *C a redox reaction or decomposition in SO2 solution.
a chemical shift of 6 10.3 relative to external Mc 4Si On Vibrational Spectra. The infrared and Raman spectra of
protonation, this signal is expected to be shifted further IIOAs[F, I IOSbF5, and HOSb,F1 are shown in Figures
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Figure 1. Vibrational spectra of H3O2'AsFb: trace A, infrared spectrum of the solid as a dry powder between Csl disks recorded at -196
*C; trace B, Raman spectrum of the solid in a glass tube recorded at -100 0C with a spectral slit width of 8 cm-' and a sensitivity of 100000;
inserts C and D were recorded with a spectral slit width of 10 cm'J at sensitivities of 380000 and 250000. respectively.

Bf

18A A~ \

25

404 30 20 260 340 2 000 ' 1100 -I0 1400 -12-00 1000 100 ON, 400 200 0

WAVENUMBSIA -'

Figure 2. Vibrational spectra of HO 2*SbFb traces A and B, infrared spectra of the solid recorded at - 196 OC at two different sample
concentrations; traces C and E. Raman spectra of the solid recorded at 25 0C with spectral slit widths of 5 and 10 cm', respectively; trace
D, Raman spectrum of the solid recorded at -I110 *C.
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Figure 3. Vibrational spectra of H 302+SbFtl I trace A. infrared spectrum of the solid as a drN powder between pressed AgCl disks; traces
B, C, and D. Raman spectra of the solid recorded at 25 'C with -spectral slit widths of 5. 10, and 25 cm '. respectively.

1, 2, and 3, respectively, and the observed frequencies are Table If. ('omparfsio, of the Vibrationdl Spectrum of 1-1,0; ' ith
summarized in Table I. For the thermally more stable [how ol lsoelec tronik. t1,NOt1 and 11,N,
antimonate salts, spectra could be obtained at ambient obsd freq, :m-'
temperature without the samples undergoing significant de- asNignt for

11: XYltin Jppro\ decript 11.- It -  i,-
composition to the corresponding H O+ salts. For H1O2AsF,. pt group C. ot mode (X)[1" NOtib NNi- c
only low-temperature spectra could be obtained. - - --- - -

The vibrational spectra of H3O2SbF. (see Figure 2) showed A' v, , Y1 3440 3656 3202
a pronounced temperature dependence. At room temperature. ,.1 svm(XH:1 3229 3197 3100

v, 6selssl Nild) 1536 1605 1599
the Raman spectrum (traces C and E) exhibited three bands v, h iX't'H in plane 1421 1357 1330
at 667. 555, and 282 cm-1. respectively, characteristic for ',, ,wagX-t1) 1136 ills 1103
octahedral SbF, .5.7

'
i
s '

i9 When the sample temperature was v, ,i XY) 875 895 Q4
7

lowered, the number of bands due to SbF6 significantly in- A v,. iasym(XtIL 3275 3350 3155

creased, indicating that the symmetry of SbF, became lower ,, riXII: [228 1297 1232
than Oh. This transition was found to be reersible and to L, r1XYt (3861" 386 138610

occur close to room temperature. Similar transitions have I stimated Irequeney values. b Daita from ref 46. but revised

previously been observed for the corresponding H,0,' D"O.' according- to ref 38 c Data from ref 48. but %kith revised asstpn-

and 0 2 37 salts. They can be attributed to rapid motions of ments for i, and v_
the ions in the crystal lattice at room temperature, causing
rotational averaging. With decreasing temperature, these structure of isoeleetronic H2NOH." this cation should have
motions are frozen out, causing the observed effects of the following structure of symmetry C,
symmetry lowering of the anions. Since the symmetry of the
corresponding cations is low (no degeneracies), their vibrational /

spectra are much less affected. 0
Assignments for the H30 2 ' Cation. The assignments for H /oI

H]02 + were made on the basis of the following arguments, H

With the exception of the 0-0 torsional mode, which by Consequently, nine fundamentals (6 A' + 3 A") are expected
comparison with the known fri.,cuency 5 of the corresponding for HjO2+ . These fundamentals should all be active in both
N-O torsion in the isoelectronic H2NOH molecule is expected the infrared and the Raman spectra. Of these, eight should
to occur below 400 cm 1, all of the fundamental vibrations of occur above 800 cm ' (see above). As can be seen from
H3 O2

+ should have frequencies higher than those of the anions, Figures 1 3 and Table I. indeed eight bands Were observed
The bands due to the anions can be further identified by in this frequency region. An approximate description of the
comparison with the ambient and low-temperature spectra H3O" fundamental vibrations is given in Table 11. There
previously reported for the corresponding 14_10 I and NHF 5  should be four stretching modes. Three of these should involve
salts. In view of the complexity of the low-temperature anion hydrogen ligands, while the fourth one is the oxygen-oxygen
spectra, in Table I only the room-temperature Raman stretching mode.
spectrum of rotationally averaged SbF5 has been assigned. The three hydrogen-oxygen stretching modes should occur
Keeping in mind that SbF 1 spectra strongly depend on the above 2500 cm 1. Their assi'!nment, however, is somewhat
nature of the countercation, the room-temperature spectrum complicated. By comparison with the known spectra of related
of SbF 11 in H3O2Sb2 F,, is in fair agreement with those molecules, such as CH3NH ,4 5 H,NOIt" '4 HO, CHIOH.
previously observed for this anion in numerous other salts. 9 3 ' and >Ct!, group containing molecules 41 we would expect the

Thus, the intense bands occurring above 800 cm I should H,O- group to exhibit two intense infrared bands in the OH
belong to H,02 . By comparison with the known trans stretching region. Of these two. the antisymmetric stretching
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mode should have a frequency 50-100 cm -' higher than that Table Ill. Geonetries" Used for the Nornil,-(ootdillate Analye%
of the symmetric stretching mode. In the Raman spectrum of the lsoletcroni ItIYII Moltcules uid Ion%
the symmetric stretching mode should be much more intense II.O0ll' l1N 1lINNIt
than the antisymmetric one. The unique -OH stretching mode . .. 0 9H 1 016 1--. --.. ...r Xll) (095 I 0}16 1(l

should be of considerably lower infrared intensity than the two R (YII) 09, 0962 1 (
-OH, stretching modes. I) iXY) 1 475 1 453 1 47

Inspection of the Raman spectrum of H3O2AsF, shows a a (A1IXI) lIt7 06 10706 107 o6
very narrow Raman line at 3440 cm I and a barely detectable 0 (4XYII) lol 22 lO 22 101 22
broad line at 3230 cm '. Since the 3440-cm-1 Raman line I (,lIXY, IO3 15 103 IS HO3 15
shows only a rather weak infrared counterpart while the 1iond distan.ces in A and angle% in degrees
3230-cm I one exhibits a very intense infrared counterpart and
since no Intense infrared band occurs above 3440 cm ', the for assignment to the 0011 in-plane deformation mode. This
3440-cm ' band is assigned to the unique -OH stretch and assignment is in fair agreement with the value of 1345 cm 1
the 3230-cm I band to the symmetric -OH, stretch of attributed to the corresponding COH deformation in
H2OOH. The 3228-cm infrared band exhibits a shoulder CIpIH'.

4
1

on both its high- and its low-frequency side. Instead of as- The fifth deformation mode, the 0 0 tirsion, is ex,'zcted
signing these two shoulders to two separate bands, one might to occur in the 300-400-cm ' frequency region. Since nu-
equally well attribute them to a single broad band onto which merous bands due to either the anion or anion- cation in-
the sharper 3228-cm ' band is superimposed. Such a broad teractions occur in this region, no assignments are proposed
band might be expected for the antisymmetric -OH, stretching at this time for this mode.

mode, and its center (3275 cm i) results in a frequency value In summary, with the exception of the 0-0 torsional mode,
which agrees well with the above predicted frequency dif- all fundamentals of H2OOH have been observed and as-
ference between the symmetric and the antisymmetric -OH 2  signed. The assignments are summarized in Table Il and are
stretching mode. In the spectrum of H3O2SbF, the situation compared to those of isoelectronic ,NOH 35". and H2NN-
is I most identical. For HO 2SbF 11, the infrared counterpart H ." The similarity of the vibrational spectra of H2OOH ,
tche 3435-cm - ' Raman band is also rather narrow and occurs HNOH, and H2NNH suggests that the two ions are iso-
at the very edge of the intense and extremely broad infrared structural with NH 2OH for which a trans structure of
band. These observations seem to support our assignments, symmetry (, was established' by microwave spectroscopy and
although it is not obvious why the Raman line for the unique confirmed49 by ab initio molecular orbital theory. As expected

symmetric -OH 2 stretch. If the -OH stretch and the sym- with fluorine ligands, strong cation-anion interactions were
metric -OH, stretch would have comparable Raman line observed. These result in a lowering of the oxygen--hydrogen
widths, the latter should have a greater peak height than the stretching frequencies and cause splittings of the anion bands
-OH stretch and should be easily observed. in the spectra at low temperature at which rotational-averaging

Whereas the modes involving mainly O-H bonds should be processes are frozen out.

low Raman and of high infrared intensity, t: 0-0 Normal-Coordinate Analyses. Normal-coordinate analyses

stretching mode should be quite intense in the Rama were carried out for H2OOH and the isoelectronic H2NOH
spectrum and occur in the frequency range 800-1000 cm . molecule and HNNH anion to support the above assignmentsIisherefo assognur t the trency Ran ne o-crig and the contention that the three isoelectronic species are
It is therefore assigned to the strong Raman line occurring isostructural. Furthermore, it was important to establish
in all samples between 868 and 880 cm-. As expected, this whether the fundamental vibration assigned to the stretching
band sho s a counterpart of medium intensity in the infrared mode of the two central atoms is highly characteristic and
spectra. In the spectra of H10,SbF6.1.l7SbF5 ("H1 ,Sb2 F1I") therefore can be taken as a direct measure for their bond
this band shows a splitting into two components, separated by strength.
about 10 cm '. This splitting might be due to the sample not For the computation of the force fields, the vibrational
having an exact 1:2 stoichiometry and therefore containing frequencies and assignments of Table II were used. The
a mixture of different polyantimonates. For the two welI- required potential and kinetic energy metrics were computed
defined 1:1 adducts H3O,AsF, and H3OSbF, no splittings by a machine method50 using the geometries given in Table
of this band could be detected. I11. Since the frequency of the X-Y torsion mode v, (A") is

Of the five deformation modes expected for H3O2 of unknown for both H2OOH + and H2NNH- and since, on the
symmetry C,, four involve the O-H bonds and should occur basis of its expected low frequency, coupling with other modes
in the frequency range 1000-1700 cm '. Indeed, four infrared should be negligible, this fundamental was omitted from the
bands were observed in this frequency range for H3O2Sb,FI normal-coordinate analyses. For H,OOH* and H 2NNH-, the
with counterparts in the Raman spectrum. Their assignment bond angles were assumed to be identical with those known"
to the individual modes (see Table II) was made by analogy for H2NO. and the bond lengths were estimated by com-

to those known 7 for related molecules, such as H20, CH 3OH, parison with those known for the similar HO, and N2H,
CF43NH, and CH2 X2. molecules. The bending coordinates were weighted by unit

The -OH 2 scissoring mode should have the highest fre- (I A) distance.
quency and occur between 1500 and 1600 cm -t . It is therefore The force constants of these HXYH-type species were
assigned to the band observed in most spectra at about 1535 adjusted by trial and error with the aid of a computer to give
cm 1. The -XH 2 in-plane deformation mode is usually very an exact fit between the observed and computed frequencies.
intense in the infrared spectrum and occurs for H2NOCH ,

1' Since in the A' block the X -Y stretching force constant F,
and H2NOH 46 at 1150 and 1115 cm-1, respectively. For was found to strongly depend on the values of the stretch-bend
H2001 it is therefore assigned to the strong infrared band interaction constants F46 and F,, the diagonal-symmetry force
at about 1130 tm '. The -XH 2 twisting mode is usually very constants were computed as a function of F, and F56. As can
weak and occurs in H2NNH 2, H2NOH,8 and H,NNH 4 at be seen from Figures 4 and 5, the values of YH (F11) and XH,,
1260, 1297, and ! 232 cm-1, respectively. It is therefore as- (F,2 ) stretching force constants are unaffected by the choice
signed to the medium weak band observed for H.O 2SbF 1 at of F,, and F*. but the X-Y stretch (F,) depends strongly on
1228 cm '. There is only one frequency (-1420 cm ') left the choice of F46 and F,, In the absence of additional cx-
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Table IV. Anharmonic Symmetry Force Constantsa and Potential Energy Distributionb of H100WiI, IfNOIf. and IINN If c

symmetry force constants PE)

H,o1. H,NOt IINNH -0H1oo llNOll llNNII

A' PF -fR 6.607 7.46 5.675 F, 100 100 100
F'2. f 1'r + frr 5 92 b. 13 5.42 F,., 100 10 100
F'., = 0.628 0.733 0.748 F, 95 99 99
P. 1.054 (1902 0.977 ",, 94 98 98i, /+ f" 0.715 0.72 0.728 F,, 95 97 96
Fb' fj) 3.93 3 87 3 15., 101 99 103
F, 21111a, 0.1 0. 1 0. 1
F_ f 0 2 .22
F,. 2S b fE) 0.3 03 0.3

A F_ :Jr frr 5.884 6.089 5.401 F,, 100 I10 100
F,. = - f-yy 0.782 0.922 0.850 F,, 100 100 100

0 Stretching constants in mdyn/A, deformation constants in mdyn A/rad', and stretch-bend interaction constants in mdyn/rad. b Percent

contributions. Contributions of less than 9'7, to the PI) aie not listed. c ('omputed with the frequencies and assignments of Table Ill all
interaction constants except for F3., F, and F,, were assumed to be zero.

6 7. 6.7f

66. - F1 1  6.6 ' F 1 1

60 60 22

48. F 59, F66

44, 4.8

4Fb 4.4'

10- F44  
F 40

4.0'

0. F55  1,05 F4 4

0.6. _____________0

04 ......... .... F5504 02 0 0.2 04 0.6 0.8
F4  

0.6-F46 0. -F33

Figure 4. Diagonal symmetry force constants (stretching constants 0.4
L- -

--

F,1I F22, and F66 in mdyn/A and deformation constants F,, F44. and -0.2 0 0.2 0.4 06 0.8
F55 in mdyn A/rad2 ) of the A' block of H.00H as a function of F5
the stretch-bend interaction constant F4. (in md)n/rad(. All the Figure 5. Diagonal symmetry force constants of the A' block of
remaining off-diagonal symmetr, force constants were assuned to H 20OH + as a function of F5,.
be zero.

A comparison of the results of Table IV shows that the force
perimental data. such as oxygen isotopic shifts, the uncertainty fields of isoelectronic H 20OH

+.HNOH, and H-INNH- are
in the value of F66 obtained by underdetermined force fields indeed very similar and suggests that all members of this series
must therefore be considered to be substantial. In the absence are isostructural. The small deviations observed within the
of such additional data, we have chosen for the isoclectronic series (higher values of F1, F,.. and F7 7 for HNOH) can be
H.,XYH series a force field which resulted in a highly readily explained. For HNOH. gas-phase frequencies of the
characteristic potential energy distribution (PED) for all isolated molecule were used, whereas in the H,OOH + and
fundamentals (see Table IV). The X -Y stretching force H 2NNH salts the anion-cation interactions lower the
constants obtained in such a manner represent minimal values stretching frequencies somewhat (see above).
but could be higher by as much as 0.4 mdyn/A if larger The question whether v. the fundamental vibration assigned
positive values are assumed for F46 and F 6. A moderate size to the stretching mode of the two central atoms, is highly
value was found necessary for F3s to obtain a characteristic characteristic or not also needed to be answered. The fact that
PED for v, and v5. v,' is of very high Raman intensity, whereas v, is barely ob-

In a recent paper, Botschwina and co-workers have servable, and the known high polarizabilities of the central
reported" a partial ab initio harmonic force field for H2NOH. atoms relative to those of the hydrogen ligands argue strongly
Since this type of computation can yield valuable information in favor of v, being predominately the 0-0 stretching mode.
about the off-diagonal force constants, a comparison with the Furthermore, the value of the 0 0 stretching force constant
results of Table IV appeared interesting. Botschwina et al. F,, (3.93 mdyn/A) and the highly characteristic nature of v6

report a value of 0.629 mdyn/rad for F4, (using the force (101% F,,) of H,00H" are in excellent agreement with the
constant designation of Table IV of our work) and predict previously reported' 2 findings for gaseous HOOH (F0  =
values of 8.1 + 0.1 mdyn/A and 0.9 ± 0.05 mdyn A/rad for 3.776 ntdyn/A; v0  = 105% of Fo o). For solid HOOH. a
F, , and F31, respectively. The latter two values and the positive value (F0 o = 3.999 mdyn/A) %as found -" which is slightly
sign of F4, are in fair agreement with the anharmonic force higher than that in HO0H +. A further argument in favor
field of Table IV. although the value computed" for F ,, of highly characteristic X-Y stretching frequencies in these
appears to be high. A calculation of a force field with F4, = and closely related molecules is based on the vibrational spectra
0.63 and F, = 0 resulted in v and v, becoming almost equal observed for deuterated molecules, such as DOOD.12.' If the
mixtures of F, and F( and an unacceptably high value of fundamental assigned to the 0-0 stretch in HOOH would
about 5 mdyn/A for FM. Assuming a positive value for F, , contain strong contributions from X 1! bending modes, its
resulted in even less acceptable force constants, frequency should significantly decrease on deuteration.
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Table V. Preferred Rotational Isomers, Number of Vicinat Ligand Repulsions RI, and Attractions 1A). and Trequencies (cmii of the
Stretching Mode of the Two Central Atoms of IIJNNH,',a 113NNII)2 .b i ,NNt,,c IfNNII-,d H(X)011' 0 110011, and 110 t

- H H -. N :.H

'I ... . ,I . N - I'

H H

3R 2R-tA IR-2A 3A 2A-IR IA-2R
HNNiIINNII, | 2 NNII 2  IINN|I
1048 9 4 9 h-9 68 i 850-938) 847 i

8"5, 8 6 4 - 88 1 m 836"

(,eonetry of preferred rotational isomer" is based on that of isoelectronic t, It. s" b G;eometry assumed [o hre aiial.gOus to Ithat of iso.-

electronic CHNH,." ' Reference 57 d Geometry is based on that of isoclectronll 11, NOfL." ' Reference 58. f I-or HOOW, preferred
rotational isomer does not exist. 'The structure is given exclusively for didactic purposes. 9 I-rom Ranian spectrum of N, tl U.- in anhydrous
HI solution (B. triec and HI. H. Hyman, Inorg. Chem., 6, 2233 (1967)). h F ron inrarcd spectrum of solid (N,1H,)TaI-,. ' From Raman
spectrum of N:l ('l in aqueous .HO( solution 0. T. Edsall, J. Chem. Phvs., 5, 225 (1937)): see also J. C. Decius and D. P. Pearson, J Am
Chem. Soc. 75. 2436 (1953). -'The assignments for the N-N stretching mode in N,11. ,are rot well established and signifiantlt differ for
the gas and condensed phases (see example ret 48 and J. R. Durig, S. F:. Bush, and I. I.. Mercer, J (hem. Phrvs. 44, 4238 (1966)). The
latter authors assigned lie N-N stretch in NJlt1 to bands in the 1087-1126-cim ' requcnc region Mchic doe, it fit ( lie general trends
lsted ir tris table k r oiinfrared spectru or of solid NaN ,Hf.' 1 This work 1n Refremcc 12 " RtlcrencC 10.

In summary. it appears justified to assume that the fun- tractive forces exist between a free valence electron pair on
damentals. assigned to the stretching modes of the two central one central atom and a hydrogen ligand bonded to the otheriatoms in these molecules and ions, are highly characteristic central atom. In terms of molecular orbital theorti this effect

and that a highly characteristic PED might be a good criterion can be considered to be the result of both dipolar attraction
for selecting a plausible force field, and back-donation from lone-pair orbitals of one central atom

Influence of Progressite Protonation on the Bond Strength into antibonding orbitals of the other.4  On the other hand,
of the Two Central Atoms. It seemed interesting to examine free valence electron pairs on X are repelled by free pairs on
how in an It,,XYHl,-typc species the replacement of a free Y. and the same holds for vicinal h drogen ligands. These
valence electron pair of a central atom by a hydrogen ligand effects explain the eclipsed configuration of H,NOH," the
influences the strength of the X Y bond. Further interest %as staggered one of C2,l",i5 and the gauche ones st 5 of the
added to this problem by the fact that these X -Y bonds are remaining species. (ii) When going from HOO to
single bonds, thus resulting in hindered rotation and rotational -iNN1t. one observes that the number of repulsions be-
conformers. In the literature. '

.
4 the concept has been ad- tween vicinal ligarnds (including the free valence electron pairs)

vanced that in a singly bonded X-Y system the replacement decreases from two for HOO to zero for H1OOH + and
of a free valence electron pair on X or Y by a bonded ligand H2NNH- and then increases again to three for H3NNH3

24 .
viiill diminish the overall ligand or electron-pair repulsions, (iii) It is known that for peroxides a weakening of the oxy-
thercby strengthening the X Y bond. The results of the gen -ligand bonds results in a strengthening of the 0-0 bond
present study combined with previous literature data offered (FOOF. qo 1257 cm '; 1-10011, P" 864 cmIV.i 2 and vice
an cxceilent opportunity to examine the validity of this simple versa. Furthermore, it is known' that the 8 X- H 4 polarity
repulsion concept for the progressively protonatd series HOO of an X H bond increases by the addition of a second H + to
1OOiI. and 1-,001 4' , which is isoelectronic with l1 2NNFH . X. This increase in bond polarity upon progressive protonation

followed by HNNII. lI,NNH 3 , and HINNH3
2,. weakens the X-H bonds and therefore should strengthen ihe

For this series the energetically most favored rotational X -X bond. In addition. protonation is expected to shift niore
isomers and the stretching frequencies of the twko central atoms s character to the orbital involved in the X-X bond, thereby
are summaried in Table V. Stretching frequencies are strengthening this bond. In our opinion, these two effects are
preferred ovcr force constants because for HOOK"' 11,00[1t. the major reasons for the observed increase of the X-X
and I INNII these frequencies are highly characteristic and stretching frequency within this series.
because of the lack of reliable fully determined force fields The fact that the stepwise increases within the series of
for most of these species. In Table V, frequency ranges are Table V are small to the right of H.,XXH and large to the left
given for 110011. 113NNtI2. and NH 4. For the first tsso, of it suggests that the attractions between a free valence
these ranges are caused by the fact that the frequencies vary electron pair and a vicinal hydrogen ligand are at a maximum
soimcwhat for different phases. For N.H 4 . the large given for I, XXI and counteract the general polarity effect caused
range is mainly due to the uncertainty in the assignment of by the progressive protonation. This explanation seems
the N N stretching mode (see footnote k of Table V). In spite plausible because both dipole interaction and back-donation
of these limitations. inspection of the listed frequencies reveals should decrease the ' X i1" polarity of the X H bond by
not onl that there is a definite X Y stretching frequency transferring electron densily from the free valence electron
increase with progressive protonation but also that the increase pair orbital to the vicinal hydrogen ligand. Although this
of the 0 0 stretching frequency from 1tO0 to i,0011' (30 picture ts oversimplified and neglects other effects, such as
cm ') is much smaller than that (201 cm ') encountered for possible changes in hybridization, it can nevertheless quali-
the IIN,\II to HitNNH 1,

'2 part of the series. tatively account for the observed trends within this series.
This marked difference is difficult to explain by the simple Molecular orbital calculations would be desirable but were

free valence electron pair repulsion concept"' which should beyond the scope of this study. In view of the great difficulties
result in a more uniform trend and cannot account for the encountered with FOOF, such calculations might not be
eclipsed structure of If 2NO1. A better explanation for the trivial.
observed trends .an be given on the basis of the following The above analysis indicates that the replacement of a free
considerations. (i) The preferred rotational isomers (see T"able valence electron pair on one of the two central atoms b a
V) indicate that in an ,XYFI,,-typ species, in which the X hydrogen ligand could either decrease or increase the vicinal
and Y central atoms possess free valence electron pairs, at- ligand (or electron pair) repulsion. The direction of the effect

C -8



2586 Inorganic Chemistry. Vol. 18. No. 9, 1979 Christe, Wilson, and Curtis

depends on whether the two central atoms possess less than (13) K. 0. Christe, )narg. C'hem.. 16. 2238 (1977).
three or three and more hydrogen ligands. With less than three (14) K. It. Loos, V, A. Campmnile. and C T. Goetschel. Spectrochim. A-ta.

Part A. 26. 365 (1970).
hydrogen ligands. a free pair-free pair repulsion is replaced (15) H. H. Claassen. H. Selig, and J. Shamir. App). Spectrost .23,8 (1969)
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Formation and Decomposition Mechanism of NF 4
+ Salts
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The thermal decompositions of NF 4BF4 and NFAsF, were studied in a sapphire reactor at different temperatures by
total-pressure measurements. It was found that the rates, previously reported by Solomon and co-workers for NF 4AsF6 ,
significantly differ from those of the present investigation, although both studies result in a '/2 reaction order. From the
temperature dependence of the observed decomposition rates, the following values were obtained for the global activation
energies: ENFBF. = 36.6 * 0.8 kcal mol and ENF,, = 44.7 1 4.2 kcal mol 1. The suppression of the decomposition
rates by NF 3, F2, and BF, or AsF5 was measured. A critical evaluation of all experimental data available on the NF4
salt formation and decomposition suggests the following reversible reaction mechanism: F2 ,. 2 : F + NIF, 3  NF,4; NF4
+ AsF5  NF 3 AsF6 ; NF3+AsF. + P ;" NF 4*AsF 6 . A Born -Haber cycle calculated for NF 4BF4 shows that the global

-44 decomposition activation energy and the heat of the formation reaction are identical within experimental errors and that
the second step of the above mechanism is approximately thermochemically neutral. The rate of the thermal formation
of NF 4SbF6 at 250 *C was also studied.

Introduction theoretical point of view, the question arises as to whether NF4
The formation and decomposition reactions of N F4

+ salts or NF, is produced as an unstable intermediate. This would
are of significant theoretical and practical interest. From a be highly unusual because second-row elements generally do

0 To whom correspondencc should be addressd at the Rockeidyne Division. not form hyprvalent molecules. From a practical point of
Rockwell International. view, a better knowledge of the formation and the decom-
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position mechanism is necessar in order to improve on existing method of inear least squares %as used with the listed uncertainties
synthetic methods. being 2o of the calculated slope

Several mechanisms have previously been postulated for the Formation of NF4SbF',. Because of the high corrosivity of
formation of NF 4

+ salts. In 1966, Christe and co-workers high-pressure NI-E f, 1 Sbi, mixtures at elevated temperatures, the
suggested in their original reports' 2 on the synthesis of NI- F, SbI-, reaction system could not be monitored directly with

a pressure transduccr or gage (onsequentlN, nine identical passivated
NF.AsF6, by low-temperatture glow discharge that either NI I 95-ml Monel cylinders were each loaded with 5) mmol of Sbts, and

or F" (or F, ) is generated in the discharge. These radical a twolold excess of N1 , and I-. was added The cylinders were
cations could then react with either F, or NFj to yield NF4

+. siiultaneouslN placed into an oven preheated io 250 "C and were
In 1972, Solomon and co-workers reported' the results from reniosed separatels from the oen after certain tine imiersals. After
a kinetic stud) of the thermal decomposition of NF AsF in the cylinders Aerc csiled. all miteriaJ solaiide at 2 ' 'C was pumped
Monel. Based on total pressure measurements, their conclusion off. and the amount of \1 * salt iormcd was determined by the
was that the decomposition insolved the equilibrium disso- obser.d %eight increase and ,pcovrocopi analyses
ciation step Results and Discussion

NF 4 As-F, NF, + AsF, Thermal Decomposition of NF 4 BF 4 and NF 4 AsF6 . The

follo"ed bs irreversible decomposition of the unstable NI 5F thermal decomposition of NI 4 BF 4 and N" 4AsF, in a con-
+ F, stant-ilute reactor was studied by total-pressure mea-

suretcunts over a temperature range of about 35 'C for each
The latter step was taken to be a ' ,-order reaction. |-rom compound. Since screening experiments had shown that even
the temperature dependence of the kinetic constants, a value well-passivated nickel or Monel reactors rapidly reacted with
of 41 kcal mool ' was obtained for the sum of the overall heat mixtures of hot F, and BF, or AsF,, a sapphire reactor was
of sublimation and the activation encrg for the decomposition used. This reactor was found to be completely inert toward
of N I,. In 1973. Christe and co-workers proposed' an al- these gas mixtures over extended tite periods. Furthermore.
ternate mechanism for the formation of NF4  salts. This it was found that the decomposition rates increased with
mechanism accounted for the fact that NF, + salts can be increasing sample size. However, the rates did not increase
s.nthesiicd bs LV photolhsis. It involved the steps linearlv with the sample size because the increased pressure

F, .- 2P enhances the suppression of the rates (see below). In order
to minimize the effect of changes in the sample size during

F + AsFi . AsF6 a giten series of experiments, we used the largest feasible
samples and the smallest available reactor volume. In this

AsF, + NF, .-- NF,+AsF manner, onl. a small percentage of the sample was decom-
posed in a given series of experiments. The first and the last

NF A.sF, + F : NF ,+AsF6 experiment of each series were carried out under identical

Part of this mechanism was later experimentally confirmed conditions and showed that the change in rate due to the small,
by ESR studies5 

7 which showed that the NF3
4 radical cation but inevitable, sample-size change was indeed negligible.

is indeed formed as an intermediate in both the low-tem- The results of our measurements on NF4 BF4 and NF 4AsF 6
perature UV photosynthesis and the -,-irradiation-induced are summarized in Tables I and I1. In agreement with the
decomposition of NF.'+ salts. previous report' on the thermal decomposition of NF'AsF 6.

Since the observation of NF5
+ as an intermediate5 7 is smooth decomposition curves were obtained. The decom-

incompatible with the mechanism proposed' by Solomon and position rates steadily decreased with increasing pressure in
since at elevated temperatures metal reactors rapidly absorb the reactor and the initial rates were restored upon evacualkon
F, [.ew is acid mixtures, a reinvestigation of the thermal of the reactor, indicating that the decomposition products
decomposition of "FAsF, in an inert sapphire reactor was suppress the decomposition rates. This was confirmed by
undotakcn. In particular, a more detailed investigation of studying the influence of different gases on the decomposition

the suppression effects of NE1. F,, and AsF 5 was expected to rates of NFBF, and of NFAsF,. The addition of He did not
yield valuable information. Furthermore, no quantitative data noticeably influence the rates, whereas F2 and N F3 resulted
had pres iouslN been available on the decomposition rates of in a weak suppression. However. the addition of BF3 to
NF 4,Bi.4 and the formation rates of NFSbF,. N-,BF4 or of AsF5 to NF 4AsF, resulted in strong rate

suppressions (see Tables I and II).
Experimental Section aFor all decomposition experiments, plots of P3' 2 vs. time

Thermal Decomposition Studies. The samples of NF4 BFH and resulted in straight lines (see Figures I and 2) indicating a
NF4 AsF,

. were prepared as previously described and showed no '/, reaction order. The resulting global kinetic constants are
detectable impurities. All decomposition experiments were carried given in Table Ill. Arrhenius plots of these constants resulted
out in a sapphire reactor (T)co Co.). The reactor was connected by in straight lines (see Figure 3) and in the global decomposition
a Swagelok compression fitting, containing a Teflon front ferrule, to a and
a stainless steel valve and a pressure transducer (Validyne, Model activation energies E%,i. = 36.6 :k 0.8 kcal mol

7)P. 0 1000 mm * 0.5%), the output of which was recorded on a Es,,.A, = 44.7 + 4.2 kcal mol-. the latter value being in good
strip chart. The reactor had a volume of 38.7 mL and was heated agreement with that of 41 kcal mol-t previously reported..3

h% immersion into a constant-temperature (*0.05 *C) circulating oil The fact that the small mole fraction ranges of sample
bath The reactor was passivated at 250 *C with F2-BF, or F2 AsF, decomposition studied in these experiments were truly rep-
mixtures until the pressure remained constant over a period of several resentative for the overall decomposition rates was established
days. and weighed amounts of N F- salts were added in the dry by following the decomposition of small samples at somewhat
nitrogen atmosphere of a glovebox. After immersion of the reactor higher temperatures over almost the entire mole fraction (a)
into the hot oil bath, the reactor was evacuated, and the pressure range A typical decomposition curve obtained for NF4BF'4
change was monitored as a function of time Control experiment, at 253 ( (see Figure 4) does not exhibit any sigmoid
were carried out at the beginning and end of each series of mea-
surements to ascertain that the rates had not significantly changed character. and the P/2 vs. time plot is linear for about the first

during each series. The composition of the gaseous decomposition 25% of a.

products was shown by chemical analysis, infrared spectroscopy. and Although the results previously reported' for the decom-Sgas chromatography to be I1I1:1 mixtures of N F,. U-,. and the cor- position of N |:,Asl:, in Monel resulted in a linear P- 1, vs. time
responding Lewis acid. For the curve fitting of the kinetic data the plot, the reIrtcd rates were higher than ours by a factor of
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Tablet. Thermal Decomposition of NF. BF. a in a Sapphire Reactorb

pressure change, mmllg

190.8 °C

He F: NF, Bi-,
time, h 182.2C 188.9 'C 190.8'C (500 )c (500)c (500) c  (500)c 197.4 'C 204 'C 213.3 'C 215 'C

0 0 0 0 0 0 0 0 0 0 0 0
1 28 40 45 44 38 38 5 64 91 160 180
2 42 66 74 73 64 64 11 103 142 261 285

3 55 86 97 98 84 87 16 134 191 341 367
4 66.5 102 116 117 102 105 21 161 228 409 440
5 77 117 135 136 122 122 26 186 266 468 509
6 86.5 132 152 153 139 138 31 208 300 522 572
7 96 146 168 169 155 152 35 230 336 579 633

8 104 159 183 169 166 39 250 628 689
9 112 171 197 182 180 43 269 675 741
10 120.5 182 210 195 192 47 288 721 791
12 135 204 236 218 217 56 324 806 891

14 149 225 260 238 239 65 355 895 980
16 162 247 280 258 263 73 390
18 267 300 277 82
20 295 91

0 Sample sue 2.65 g. b Reactor volume 38.7 mL. c the values given in parentheses indicate the pressure (in mmHg) of the added gas at

the beginning of each experiment.

32 21NF 10 6150 101 9.4

30- S M ITtON 213.30 10.4 9.2

26 .0

24- 1o2o - N4,
Eu I

i-0~ 20 .8~ 1.62

98[ 48.4
14Z~ ~- 9.4 N4F

S16 .

12

8. 10 204 197.40 9.28.0

6 190.0 .7.8
4 1880 1.94 1.96 2.02 2.08 2.0 2.14 2.18

2 1 -2.20 T

0 2 4 6 8 10 12 14 16 19 20 Figure 3. Arrhenius plots for NF 4BF 4 and NF4AsF6.

TIME, HOURS 18

Figure I. Total pressure (P11/) curves for the thermal decomposition 0.e F p/2

of 2.65 g of NIF4BF4 at different temperatures (*C). 16

S0.71

30 /14
NF4AFr 2380 /28 DECOMPOSITION U /.6r

2 0.4
E2. 14 6

121 220U 0.24
218 0.1

2'

12i 22708°

21.80 10 1 30 4 80 0

0 2 4 6 8 10 12 14 16 1820
TIME. HOURS Figure 4. Decomposition curves for 75 mg of NFBF4 at 253 *C. The

Figure 2. Total pressure (P'I') curves for the thermal decomposition solid lines are the observed data and the broken line represents the
of 1.86 g of NF 4AsF 6 at different temperatures (*C). ideal straight line for the P",' vs. r plot.

about 7. Unfortunately the sample size and the exact reactor FA 145-780 gage) and the reported method of the NF4 AsF.
volume used in ref 3 were not given. However, the estimated synthesis suggest that the previously used sample weight to
reactor volume (100-cm 3 Monel cylinder + Wallace-Tierman reactor volume ratios were almost certainly significantly
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Table I. Thermal Decomposition of NFAsF6
a 
in a Sapphire Reactor

b

pressure change, mm Hg
238 "C

time, I 200 'C 218 'C 227 'C 238 'C He (736)c I 1 1 97)c NF, ( 5 6 7 )c As 5 (24 7 ) Asl, (724 )
c

0 0 0 0 0 0 0 0 0 0
1 2.6 9.9 16 27 28 25 21 5 4
2 4.0 16.0 25 44 45 42 34 8.5 7
3 5.2 20.8 33 58 59 55 44 12 9
4 6.2 25.3 40 71 73 68 54 16.5 11
5 7.2 29.4 46.5 83 85 79 63 20 12
6 8.3 32.2 52.5 93.5 95 90 72 24 13
7 9.2 36.6 57 103.5 105 101 81 28 14
8 10.0 40.0 62 113 115 110 90 32 15.5
9 10.8 43.0 67.5 123 124 120 98 35 17
10 11.6 46.0 72.5 132 133 129 106 38 18
t2 13.2 51.4 82 149 151 145 122 45 21
14 14.7 56.6 91 165 166 161 140 52 23
16 16.1 61.4 99.5 181 181 176 160 59 25
18 17.4 66.2 107 197.5 196 190 176 65
20 115.5 214 213 205 192 72
25 134 226
30 252

0 Sample size 1.86 g. b Reactor volume 38.7 mL. c The values given in parentheses indicate the pressure (mmHg) of the added gas at the

beginning of each experiment.

Table 11. Global Kinetic ('onstants" for the thermal x
Decomposition ot" N I-4 BF, and N I AsI:a 1.1

NI:4 B1:4 NI4 AsI NF 4 Sb 2 F 1 .1.0 NF4 SbF6  SbF5 FORMATION

0.9
temp, 'C lO'k temp, <C 10'k .

182.2~ ~~~~ 0.60..1 0 .24± .0

188.9 1.74 0.02 218 1.99 ± 0.03 o.6

190.8 2.11 0.04 227 4.00 ± 0.02 W

197.4 3.39 0.05 238 9.69 ± 0.10 0 0.4
204 6.08 t 0.08 238 (lie 9.62 ± 0.08 >
213.3 12.79 0.22 (736)) , .3

i15 14.68 * A.18 238 (F, 9.22 ±0.05 0.2
190,8 tie 2.29 0.03 (197)) 0.1

1500)) 238 INIJ 8.60 ± 0.16 NF4SF 6 . 0 L 2
190.8 0F, 1.86 ±0.04 (567)) 10 20 3040 W060 700 90100110120

(500)) 238 (AsI:5  1.94 ± 0.12 REACTION TIME. HOURS

190.8 (NI: 1.92 ± 0.02 (247)) Figure 5. Formation rate of NF 4SbF..xSbF6 from NF 3. F2, and SbF5
(500) 238 (AsP 5  0.48 ± 0.08 at 250 OC.

190.8 I1:3  0.314 t 0.02 (724))
(500)) Table IV. Conversion of NI:, + I2 + SbF, to

, (nits m 1I' L s error limits 2a. NI:4Sb[:, at 250 o('0

smaller than those of our experiments. This should have prod compn, convrsn of

resulted in rates lowcr than ours. The only possible expla- Sbl- NFSb to

nations for the previously reported' higher rates are absorption reacni time. h X mot "

of the suppressing AsFs by Monel and/or inaccurate tern- 1 1.08 48.1
perature control (heating of the cylinder in a tube furnace). 2 0.89 52.9

A large discrepancy of - 10' exists between the previously 3 0.78 56.2
reported3 results and our kinetic constants (see Table III). 6 0.59 62.9
Most of this discrepancy ( - 105) appears to be computational. 12 0.34 74.6

Furthermore, the previously reported3 data for the sup- 24 0.17 85.550 0.13 88.5
pression by AsF5 are inconsistent. Whereas the experimental 85 0.106 90.4

data in Tables 6 and 7 of ref 3 show strong rate suppression 120 0.064 94.0
by AsFs, the kinetic constants given in Table 8 of ref 3 imply
only mild suppression by AsF5. The previously reported 3 strong inMole rat1 of starting materials NF, 1 2:Sblg 5 2:2:1. Start-

ing pressure 110 atm; residual pressure calculated for 1007 con-
rate suppression by NF3 could not be confirmed by the present version to NI *Sbl. 44 atn. The Moncl cylinders (95-mL volume)
study. Our data (see Table 11l) show that NF3 is only a weak were placed hori.'ontally in the oven, preheated to 250 C. One
suppressor, comparable to F2, and that AsF5 or BF3 is the only hour was required until the cylinders reached 250 C C. this point
strong suppressor. This is an important observation, because was taken as zero reaction time.
the alleged3 strong suppression by N F3 had caused us to
propose in a previous publication4 a mechanism for the for- antimonates such as SbF, I or Sb3Fj, 5.4iH with SbF5, which
mation of NF4AsF 6 involving the incorrect (see below) steps makes a kinetic evaluation of any experimental data very
4 + AsF, - AsF5 and AsF, + NF3 -. NF 3+AsF, . difficult. In view of the importance of the thermal synthesis
Thermal Synthesis of NF 4SbF,. Whereas the thermal of NF 4SbF, (this compound serves as a starting material for

synthesis of NFAsF, proceeds at too slow a rate for practical the metathetical syntheses of most other NF salts''1- I ) and
kinetic measurements, the rate of formation of NF 4SbF6 is because of the complete absence of data on its formation rate,
sufficiently fast. However, SbFs tends to form poly- nine reactions were carried at 250 'C and at a pressure of
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about 110 atm to determine its formation rate. The results Scheme II
are summarized in Table IV and Figure 5 and show that at F, - 2P
this temperature the initial formation rate of NF 4* salts is
surprisingly rapid. The subsequent slow-down of the reaction F + AsF,-i AsF'
is probably caused by a lowering of the SbF5 partial pressure
in the system due to the formation of polyantimonate anions. AsF, + NF , NF3+AsF,
Their thermal dissociation equilibria to SbF, and SbF, will NF3*AsF, + F .- NF4*AsF.
then control the SbF 5 pressure in the system and become the
rate-limiting steps. Scheme M11

Reaction Mechanism. As pointed out in the Introduction, F, ,- 2F
the formation and decomposition mechanism of NF4 salts is
of great interest because it appears to involve an unusual E + NI-, .r NF4
hypervalent species such as NF 4, NF,. AsF, or AF4. The N:4 + I NF,
following experimental data are known, and the correct
mechanism must be compatible with all of these conditions. NFs + As-'- NF4+AsF6

(I) Certain N F4
+ salts, such as N F4SbF 6 and N F4AsF,, can, Scheme IV

depending upon the s~stem pressure, be either formed or
decomposed at the same temperature. 5 '' " This implies . .- 2P
pressure-dependent equilibria and reversibility of the formation " N 1 F4
and decomposition reactions.

(2) ESR measurements have shown' 7 that the N,- * radical NF 4 + Asl-, .. NF,+AsF6
cation is a crucial intermediate in both the low-temperature
UV photolytic synthesis and -- irradiation-induced decom- NF,+AsF, + F .- NF4+ANF,
position of NF4

+ salts. Furthermore, the fluorination of NF3
+  Scheme I can be ruled out because it does not comply with

to NF.+ appears to require F atoms. conditions 8 and 3. In Scheme I, NF, would be expected to
(3) In the thermal decomposition of either NF 4BF 4 or suppress as strongly as AsF,. Scheme II can be eliminatedNF.ANF,, BF, or AsF, acts as a strong rate suppressor, because of the fact that it violates condition 3 (i.e.. N F should

whereas both NF, and F suppress the decomposition rates be a stronger suppressor than AsF,) and because of condition
onl mildly (,ee above results). 6. Scheme IfI is unacceptable because it does not compl with

(4) Filtered UV radiation' 8 or heating 9 to 120 °C supply conditions 2 and 5. Scheme IV is the only mechanism whichsu.'Ticient activation energ2, for the formation of N F4 + salts,Tsis atoniv ication nergyafr the frmstein oe sltis agrees with all experimental data and therefore is our preferredThis is a strong indication that the first step in the synthesis mechanism. This mechanism differs from all the mechanisms

must be the dissociation of F, into two fluorine atoms (D(F,) pevisy prpse Itap ers o all aibt

36.8 kcal mol 1).16 previously proposed. It appears to be generally applicable to
(5) The tendency to form N F4

+ salts by thermal activation NF 4
+ salts, except for certain decomposition reactions in which(5) Thedence with decreasing Lewis acid strength. i.e., NF 4 ' oxidatively fluorinates the anion.' 8

strongly decreases wIn view of the rather complex mechanism of Scheme IV andSbF, > AsF > PFs > BF3.'
8 9 Since the corresponding N F4' the observed fractional reaction order for the decomposition

salts all possess sufficient thermal stability, a mechanism3

involving the initial formation of NF,. followed by its reaction process, a mathematical analysis of the kinetic data was toocomplex and beyond the scope of the present study.
idcannot explain the lack of Bo-Haber Cycle for NF4BF4. It was of interest to examinethermal formation of salts such as N F4PF6 or N F4BF4. It can the thermodynamic soundness of Scheme IV. N F4BF4 was

be explained, however, by the formation of intermediates of chosen for this purpose because it is the only NF 4
+ salt for

lower thermal stability such as NF3 salts. For SbF , or AsF, which the heat of formation has experimentall, been deter-
these N ,+ salts were shown to still possess the lifetime re- mined.23 The Born-Haber cycle is shown in Scheme V, where
quired for their efficient conversion to N F.+ salts, whereas all heats of formation or reaction are given in kcal mol '. From
NF,+Bf|. Aas found to be of considerably lower thermal 24  24
stabilit,,. the known heats of reaction of N F 3.-, BF3, and N FBF , '

st-biliti the heat of reaction 5 is known to be -34.6 kcal,mol 1.* 6) ESR flow,-tube experiments' 7 gave no indication of Furthermore, the heat of dissociation of F2. reaction 1. is

interaction between F atoms and AsF, as expected for the known' t e eat o disAoraon o s etimate
reactionknown to be 36.8 kcal t .A reasonably close estimatereacion tepAsF,+ P-- AF6-for step 3, the heat of formation of solid N Fj+BF4 from N F,

(7) Infrared matrix isolation studies of the thermal de- ste 3. the heat of f o lfomtn
compsiton roduts romeiter NF,,sF63 or(NF)2NF," and BE3. can be made from the known heat of dissociationcomposition products from either N F4AsF 6

3 or (N F4)2Ni F ,' of N F20+BF4 . Since N F.O and NF4 are expected to be quite

gave no evidence for the form ation of N F,. si milar see e it a n a N F ar e t h t s te
(8) Lewis acids such as BF. PF, AsF,, or SbF, do not form similar (see below), it is reasonable to assume that step 3 has

stable adducts with NF, even at low temperatures.WlA a heat of reaction similar to that of NF30 + BF -
Since NF,. and F have ionization potentials of 13,00 -'  NFO+BF. i.e.. -18 keal mol '. Consequently. the sum ofa17. r lyany m s isteps 2 and 4 should be about -53 kcal molt '. Whereas the15.69.21 and 17.44 eV, 2 respectively, any mechanism involving heat of reaction of step 2 is difficult to estimate, the heat of

the initial formation of either NF,+, F2. or F+ can be ruled Scheme V
out, based on condition 4. This leaves us with Schemes 1 IV S
as possibilities. -34 5

F24 + NF3(g) + BF3(q) - NF4 * BFa-(S'

Scheme I 0 31.4 271.4 337.4

N E + As - . NF:,AsF, 1t
F.'2F . . NF kg 8P S~qi 14

NF,'AF, + N. . F +Ast 32

NF + AsF ,, + F :. NF,+AsF, + 14±t' L ,Q) F q) + NF i 4.
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reaction of (4) is easier to estimate because it represents the experimental error. It is difficult to say whether this is co-
dissociation energy of the fourth N F bond in NF,4 . In NFI, incidental or if it implies that the corresponding forward
the heat of dissociation of the third N F bond is 58 kcal reactions, i.e ., steps 2 4 of the Born- Hlaber cycle, occur
mot l ,2 and it seems reasonable to assume that the disso- without activation energy. Examples of the latter case are
ciation energy of the fourth N -F bond in NF,* is similar to known for the endothermic dissociation of solids such as
or slightly less than this value. Consequently, step 2 should carbonates. 3' If for NF,* salt, the global decomposition
be approximately thermochemnically neutral. activation energies should indeed be identical with the heats

The proposition that steps 2 and 4 should so markedly differ of formation from NFI, F., and the corresponding Lewis acid.
in their heats of reaction, although both involve the formation a value of about 372 'kcal mol can be predicted for
of one additional N -F bond. is not unreasonable. In step 2 AllI.\ 1  on the basis of ENI.,F. = 45 kcal mol and
a hypervalent NF4 iidical is formed which would possess nine AH1

0 ,,, = 29.55 kcal mot
valence electrons on the central nitrogen atom. By analogy Acknowledgment. The authors are indebted to Drs. 6. R.
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in significantly different bond angles and therefore be ex- 127) 1 \k I issless and I. C Smith, "Inorganic Ifigh-Fnerg Oxidizers'.
perientll~ istngushabe fom mdel I nd I. 15) arc:el D~ekker, Ness York. 1968. rp28
perientllydistngushale fom od-s I nd 1. 28)V Maii). %\ 1) Hartford. and K. H~edberg. J (hen; Phi v . 53. 3488

It should be pointed out that the global activation energy i1110)
(36. ~ .8 calmol'I f te dcomosiionof F4B 3 t 291 .1 Sheridin and W Gouids Phi's Rei . 79. 513 )l9 0)(36. ± 08 kcl mo )of te deompoitin ofN F431 4t (30) K Nishikida and I: W tIams. J A4m (henm So,. .97. 7168 (I9s')NV-, + F', + BF-, and the heat of formation of NF4BF, from (I1 )) I oe.'hmsr fteSldSae.BtevotsSinii

- + F. + BF, 34.6 kcal mol I are the same within Publicaiiions. Ilondon. 195i. p 224
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Sulfur tetrafluonide. Assignment of vibrational spectra and force field
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Abstrsct--Ihe tmr. spectra of SI , isolated in Ar and Nc mnaticics %ere studied rh 'hser~vd -S "~S
isotopic shifts Acre used it, resoke the existing amihiguitics concerning the assignmcnts of the
deformation modes and ito obtain an irproed valence 10FCC field

INTRODUCtiON value close to those presiouslv used for similar
molecule% 113. 16, 17 1. The observed isotopic shifts

Although numerous papers have been published on are in fair agreement with the values previously

the vibrational spectra and assignments of .SFI [I- reported [ IlIl for some of these band% in an N.

12]. this molecule is still poorly understood and the matrix.

assignment of most of the deformation modes is For some of the bands, matrix splittings were

still open to question. observed. The use of 'IS enriched samples facili-

In this paper. we report new matrix isolation data tated distinction bietween isotopic and matrix split-
and zS~4S sotpicshits wichallw uambgu- tings. For the 353 cm 'fundamental, the splitting

ous assignments for the deformation modes and the obevdia .mtxhdprius enin
computation of an improved valence force field. terpreted fil1] in terms of a coincidence of the two

fundamentals iv, and P,~ Although varying degrees
of splitting were observed during the present study

EXPkERtMENTAL for the 353cm 'fundamental in Ar and Ne mat-
rices (see Fig. I I, these splittings art: identical for

The Ar or Ne matrix isolated sampkcs of SF, were both '-SF, and "4SF,. Since it appears unlikclN that
prepared by the reaction of S.Cl, with AgF, using a v, and v, should exhibit identical sulfur isotopic
previously described flow system [13] and the eryostat shifts. these splittings are attributed to matrix split-
[141 altiered to use as a He-flowervostat. T~he isotopically
enriched samples were prepared from 'IS (>9. puriiN) tings of a single fundamental. This conclusion is

and Cl.. The ir. spectra were recorded on a Perkin- supportvd by the normal coordinate anal~sis. gisen
Elmer Model 325 spectrophotometer with an accuracy of below,. which shows that twe large isotopic shift
±0o.5 cm '. Most of the 'S -'IS5 isotopic shifts wecre de- observed for the 532cm ' defortmation mode can
termined with an accuracy of ± (1.15cm '. 'The methods
used for the normal coordinate analyzes have presiously be explained only by assigntng this frequency ito
been described ft I] Similar matrix splittings were observed and iden-

titied for several other bands and are denoted in

RESUI.TS AND DISCUJSSION Table 1.
Normial coordinate artalvsi and asignments

Iiifared spectra A listing of the nine fundamentals oif SIU, and
Infrared spectra were recorded of SI in both Ar their assignment in point group C. ., is gisen in

and Ne matrices at 4 K for SF4 of natural sulfur Table 2. together w ith art approximate decscription
isotope abundance. : I mixtures of '2SF, and '4SFI of these modes. Based on the pres ious studies
and pure "4SF, using satmple to matrix ratios of I I- 12 1. the assignments for ,. . ati ad i in The A.
I : 1000,) 1rhe observed frequencies and 'S- "S block. r',, in the H, block, and v. in the If block arc
isotopic shifts are summarized in Table 1. well established, the remaining four modes ate all

In agreement with previous experience deformation modes Assumng no coincidenices.
[h5. 13. 15. 16 1, neon matrices produced the best three fundametntals at 532. 475 and] 353 cm are

spectra and exhibited frequencies closest to those asailable for assigment to these four miodes Bawed
of the gas phase values. Blecause accurate anhar- on relative intensity considerations and the fact that
monicity corrections were not possible, all observed all three fundamentals are i r. active, the missing

isotopic shifts were corrected by a factor oif 1.01, a fundamrental should be the torsional mode ve.A:

E-1
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Iable 1 . t.bse rsed freque ncies alid -S "S Istoipic shi [is ici atot Sl in V. lid
Ne matrices

Ar Ne (jas-p'liasc
IFrequency .1 X, Freajuens jAV Aw* trcquvnciicc .~A-giicaai

883.5 11.2±0O.l 887.2 11.221 L .1)5 11.33 89' A', Ia
8 , 8 10.4 1 W 1 8-,(.7 10.42 ±t 0,0; I10.52 8a

7  
a f II

7o)5t 12.7 t 0 1 721t 13.00 T 005 13. 13 73o) if.
55,0.5 0I 557f 0I 0 1 , i 'A,
529t 31)±t 0.2 530.1 4.05200 5 4,I)9 532 A 
3i4t 2.35 ±0.1l 352t 2.42t 0.1 2.42 3 S. a., 1

*Corrected for anharmonicity.
tl'hesc bands showed matrix splitings.

which is i.r. inactive. In similar molecules, this A distjinctiosn between the two possibli: assign1-
mode is generally of very low Raman intensitv. merits (532 and 475 cm 'I it), i' (I I cal Ile mlade
Therefore, it would not he surprising that this mode in a similar mannier. since the .,ulfui isataapic shift%
has up to date not experimentally been observed of v, (B,) and of the 532 cm dcoiiiiaian [node
for SF,. (4.05lcm ' are kitaiwn. F-rom a caniptiai of the

The assignment of the 532. 475 and 353 cm ' B, force field sc Hig 31 it licaittac aibsious that
fundamentals was established in the following man- the sulfur isotopic shift of ihas to hie lcss than
ner. The 353 cm 'band has previously been as- I cmn a in order to agree ith the fkuttcc ticld oh-
signed [5, 6, 8. If0. 11] to v. (B.). and this assign- talied from the isotopic fi-equciieies of iv, . Since the

ment has recently been supported by microwave isotopic shift of 4.1)5em '. obscrscd lot the
spectroscopy [1[. Since the '2S- "S isotopic shifts of 532cm hand, is much too) large for v'., the
v', and of the 353 cm 'fundamental are now both 53 2 cm fundamental must be v', I A i and the
known, a force field computation can be used to 475 cm one must be v,~ (B,. Additional support
test the correctness of this assignment. If the as- for this assignment was obtained from the compu-
signinent is correct, both observed isotopic shifts tation of the A, block force field (See Table 3j. No
must result in an identical force field. As can be difficulty was encountered to duplicate the isotopic
seen from Fig. 2. the isotopic shifts observed for shifts observed for i',. iv, and i'a

the 867 and the 353 cm 'fundamental result in the The missing frequency of s,, (Ali was calculated
*same force field, thus establishing the 353 em' to hc 437 cm 'assuming F_ -.. ,] his assumption

fundamental as i,"a (B,,). seemed most plausible because ot the three possi-
ble f-,, interaction constants, the one wshich iii-9 ______________________________ volves two angles sharing a common equatorial
fluorine ligand. i.e. f,:,,, should base the largest

3 S4  value and because in [F_ and I--- f:, has the same
3S4 sign.

'[he assignments. thus obtained for SFa. are sum-
At F4  marized in '[able I and can now be considered as

* being well established. They are in good agreement
with the previously published [31 i r. gas-phase
band contours and compare favorably with those

U [18] recently published for the closely related SF,0
molecule. Based on the results of this stud% on SF.

3 2
SF4

Z I able 2. Assign ment of naarnal modfes of SI-,
4 Ne

I'requenc
3S4  Species Approximate description of mode (c Il

A, i~l v si Xi. eq 5 1

P2 sym Xl- .ax 5
P,' a6 sciss XI- eq and a\. siun comnb 532
i,4 8 sciss XF:,ax and eq. asymn combh 228

I aa aaaA 2 11 XF, twist (4311*
30B, 1,,, 1- asN m XI-.,ax73

FREQUENCY, cm' 1  
L'7 XE .eq wagging 471,

B2 ',i Va'SYM XI-.ctl S
1-ig. 1. Infrared spectra of I5SF, and 54SF4 in argon and iV, A sciss XI- ,a\ aout of pl.aic~w
neon matrices. The observed splittings are attributed to ~ . - . .- ~ .

matrix effect,. *Valuie alciilaiad fraon Iv,-I
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Stdlfur tctralluoride Assignment ol vibrational spectra and force 1eld 1349

130 -0.6 mdyn rad '. |heretore the chosen ratio be-

SF4 B2 BLOCK tween F,, and F 4 is somewhat arbitrary, and their

120 867 values were made about equal for cosmetic reasons.

, - 353 c.' 1 The potential energy distribution (iPED is given

110 in Table 3 and shows that all fundamentals are
iR I highly characteristic, with the exception of i, and

10.0 v. The latter are almost equal mixtures of F,, and
4F. , As previously discussed in detail I 10, 111 and

U 90 shov, n by their eigenvectors (see Table 3). v, is a
0 °- .:1 symmetric and v is an antisymmetric combination

0 3.0 of the symmetry coordinates S, and S,. i.e.
6

, 8' I2 F- F-

F I

v, smmetric combination v, antisymmetriccombina-
54 F88 5.165 0.015 . of axial and equatorial tion of axial and equatorial

F88  bending bending.

In view of thse facts, a discussion is rather

46 
9  4

- meaninglesss whether v, or v., is mainly axial or

F9 1.914 0.002 0equatorial bending. Furthermore, it shows that v, is

20

1 90 F89 : 0.70 002 99 14.0I + , J , SF 4 i BLOCK

0 02 0.4 0.6 08 1.0 1.2 F og 12.0 - 1 6 730c -
1

Fig. 2 S,'ution range ot forcc constants and computed " 475c-1

sultur isotopic shifts for the H, block of SF. The rectang- E

les indicat the uncrtanitics of the observed anharmonic- -10.0 I

its coi,:ctcd isotopic shifts and the vertical line the result- - W 6
ime .cn.r.al salence force field. "he units are eni for the "' 8.0
ioil1 'C limt', and indyn k . i mdtn A rad ? and 0

uiixl1 n r ._, h io 1... I ,. and I,. respectivcly _ 6.0

it becomes riccessars, howc,cr. to exchange the 4.0 -

assieniteilt, of i, I.A i and v., iB1) for SF.().

I he torc held of SI", is summarized in Table 3. 20

Thl. .itld H. block Nalues represent a general 0 . 87 7

.atlkiCe force ficld. The Al block is still under-

dccrnilncd (ten symmetry fotec constants and - -.. ...

secn frequency values), but is expected to be a 3,40

good appro' imation to a general valence force field

in ,.icw of the good agreement between the ob- 3.0-

scr\cd and calculated isotopic shifts. The off- cc F60 -2
e21 -- ° °

02

diaiaonal s\imctr force constants listed in Table 3 ' 260

\%ere rcqticd in order itl be able to duplicate the F66

obsclrCd sulfur isotopic shifts. The value of F, is , 220

nccssary to make .1v.: close to /cro. The relatively o
large isotopic shift o1 i, can only be achieved by 5 2.101 F77= 1.673+ 0.010

the us. of an I-,, value which concentrates the o0
isotopic shifts of i, and v alm ost exclusively in v , [77

and by the use of F, , and F,, which transfer some .- _____

of the isotopic shift from v, to ,. Since v, is an 160 F6 7 0.53 * 0.02

almost equal ititrc of I', and F,, (see PIED of 02 0.4 0.6 08 10 12 14 F67

Table 3). the isotiipic shift balance between v, and Fig. 3. Solution range of force constants and computed
v, Carl le equally well achieved by either F1, or sulfur isotopic shifts for the H, block of SF,. For further

F,. as long as their sum equals to about explanations. see caption of Fig. 2.
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Table 3. Force field*, computed and observed harmonic sulfur isotopic shiftst. potential energy dstributionl and
eigenvectors of SF4

I Igess c~tols
A. comp A, observed PF[) S, S, S. S.

A, F ,f, . 5884 11.37 11.35-t0.05 951-,, 0275 0,014 0 121 0.194
F.= N t. 3.476 0.07 0 99F, --0.01 i 229 1,014 -001129

F,, =).99 f. +O.Olf, - 0.15f, 1.414 4.14 4.09± 0.05 30l-_+ 291_ 26F,. 0(45 0(Is I) W ((.238
F.= 0.004 f. +0.71f, 0.863 0.08 91F +,, 89.,, IwJ(-,, 0I ( 6.05 11141 -0 178

+o. 29 ,4. + f.. + f_,
+ f. .) + 0. 13 f.0
, I 80f., +0.I f,

0 320

1-, l0.300)

F-,, 0.4913

A F- - f, -. - f.. -f.. 1 673 0 S. S,
B, F,. f. - f4. 2.821 13 14 13.13:t0.0 (1 0 .l(l , 221- , 23F-, 0.335 -0.203

.- f .- f., -f . I h73 0.97 841-, , 1+F, 0.050 f) 259
F,- -2,,. - 1) 0 S30 S. S.

B , F.,= f, - f,, 5.1,5 11(53 I0.52.±0.15 1051F.. 9F,., 0.297 -0.0
F- f. - f.. f,, -f". 1.914 2.48 2.42 l 01, IOIF, -0.003 0.196
F_ r2(f.,., - f,. ) 11.700

1 , 5 .5 2 5
, 3 149

r ((.328

*Stretching constants in mdyn A , deformation constants in mdyn A rad 2 and stretch-bend interaction constants in
mdyn rad '. For the force field computation. the frequency values of 'able 2 were used and fitted to within 0.1 cm

tin cm
:Per cent contributions. Contributions of less than 10% to the PED are not listed.

the fundamental mainly involved in an in- values, thus lending additional support to our as-
tramolecular exchange process as suggested by signment. It should be pointed out that both the
BERRY [191. centrifugal distortion constants and the mean amp-

Additional experimental data which could be litudes of vibration, although useful for the detec-
used as a constraint for the SF, assignment and tion of gross errors in the assignments, are not
force field, are centrifugal distortion constants [12] sensitive enough to be useful constraints for the
and mean amplitudes of vibration [20]. Since the force field of SF,.
observed centrifugal distortion constants "are not
well determined" and have been shown [12] to be Acknowledgements-One of us IKOCI is indebted to DR
insensitive towards changes in the assignment of E C. CuRTis for the use of his computer programs and
the deformation modes, they are not a useful con- helpful discussions and to the Office of Naval Research
straint. Mean amplitudes of vibration have previ- for financial support.

ously been reported [101 for SF4 using five different
assignments and force fields. These data showed REFIERENCES
that only (q)' F,... F4 and (q2)" F ... F, are [II R. E Doio. L. A. W(OXDWARo and H. L RoBEa-rs,
sufficiently sensitive to variation of the assignment Trans. Faraday Soc. 52, 1052 (1956).
of the deformation modes in question. As can be [2] R. L R1.DINGroN and C V. BERNEY, J. Chem. Phys.
seen from Table 4, the revised force field given in 43, 2021 (19651.
Table 3 results in mean amplitudes of vibration [3] 1. W. LvVIN and C. V. BERNEY, J. Chem. Phys. 44,

2557 (1966).
which are in excellent agreement with the observed [4] S. J. CyviN. Acta Chem. Scand. 23, 576 (1969).

151 K 0. ChiRis- and W. SAWODNY. J. Client. Phys.
52, 6320 (1970).

.ahle 4. Computed' (29 K) and observed [6] R. A. FR,'Y, R. L. REDINOToN and A. L. KHntoR
120) mean amplitudes (in Al of vibration of AIJIBURY. J. C'hem. Phys 54, 344 (19711.

SF, 171 I. W. Li viN, J. ('hem Phvs. 55, 5393 (1971).
-4I- [8] C. V. BERNEY, J. Mol. Struct. 12, 87 (19721.

S-F, 0.041 0.041 ± 0.005 19] 1. W. LFvtN and W. C. HARRIS, J. Chem. Phys. 55,
S-F,_ 0.i48 ( 047 ± (1(f5 3048 (19711.

Fq-F 0.0173 0(1168±11.010 [101 K. 0. CHRIS -F. W. SAWODNY and P. PUt AN, J. Mol.
I 4,-F,, (.069 0.1(67 ± 11.11t15 Strucr 21, 158 (1974).

F,,-F,, 11.1161 011059 ± 1.01( [II] K. 0 C IRSTE, F. C CuRIls, C. i. SCHIA(K. S J.
Cyvis. J. BRtuNSOI I and W. SAWOONN. Spectxrohim.

*Using the force field of Table 3. Acio 32A, 1141 I;7tb).

E-4



Sulfur tetrafluoride. Assignment of %ibrational spectra and force field 1351

112] H. JNOUE, A. NARUSE and E. HIROTA, BId. ('hem. [16] K. 0. C~llismL, E. C. Cutlis and E. JACOB, Iiorg.
Soc., Jpn 49, 1260 (1976). Chem. 17, 2744 (1978).

[131 A. HAAS and H. WILLNER, Spectrochim. Acta 34A, [171 R. S. McDoWLL and M. GOt DULArl. Inorg. Chem.
541 (197h). 10, 625 (1971).

114] H. S'HNO(KEi and H. WILLNER. A. anorg. ailgem. 118] K 0. CHRisit. C J. SCHA(K and E C. CLktt .
Chem. 406, 247 (1974). Spec(trochim. Acta 33A, 323 (1971).
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3172 (1963).
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SHORT COMMUNICATION

Simplified Synthesis of NF4SbF 6

4 WILLIAM W. WILSON AND KARL 0. CHRISTL*

Rocketdyne Division of Rockwell International, Canoga Park, Calif. 91304,(USA)

In NF* chemistry, the NF+SbF_ salt plays a key role. It is most

amenable to large scale production and serves as a starting material for the

metathetical syntheses of numerous other NFa salts [ I - 4 ]. The most
4

convenient previously reported [ 5 1 method involved the reaction of SbF

with an excess of NF, and F, at elevated temperature and pressure according

to: -5oC

NF-F2.Sbs o NF+SbF;
5 20-100 atm 4 6

In view of its appreciable cost and its detremental physical and

chemical properties, it was desirable to replace SbF5 by a starting material

which is cheaper, more readily available and easier to handle. Since it is

well known [ 6 ] that, under conditions similar to those of the above NF SbF6

synthesis, SbF. can be fluorinated by F, to SbFs,

SbF 3+F 2--'O-SbF S

a direct synthesis of NF4SbF 6 from SbF3' F2 and NF3 was logical. The possible
4 6frmbF, 2

combination of the two steps was experimentally verified, as shown by the follow-

ing equat ion:

250
0
C

NF +2F'+SbF - NF SbF
32 3 4 6

30-70 atm

Although no efforts were made to maximize all the reaction parameters, the

high yield and purity of the thus obtained NF4SbF demonstrates the feasibility
4 6

of this simplified synthesis.
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EXPERIMENTAL

A prepassivated (with CIF3) 95 ml monel cylinder was loaded in the

dry n;itrogen atmosphere of a glove box with SbF 3 (31 mmoi). The c'linder was

connected to a metal vacuum system, evacuated, and charged at -196
0
C ;;th

NF. (b5 mmol) and F, (98 mmol). The cylinder was heated for five days to

2SOC. The excess of unreacted NF3 and F2 was pumped off at ambient tempera-

ture, leaving behind a white crystallinic residue (10 g, weight expected for

31 minol of NF4 SbF =10 .1 g). Based on its infrared and Raman stectra and its

chemical analysis, this solid consisted of high purity NF*SbF6 . It did not
contain any detectable amounts of polyantimonate 7 1 salts.
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Synthesis and Properties of NF4*(iO 4 and NF 4 lIF~2 -a[-F and Some Reaction
Chemistry of NF 41' Salts

KARL_ 0. CIIRISTE.' WILLIAM W. WIL.SON. and RICIIARI ). WIL SON

Rteceit'ed Sep ternber 24. 1979

The possibility of synthesizing NF 4 *X0 4 (X = 0l, Br, 1) salts ti metathesis between NF 4SbF,, and CSXO 4 in anhydrous
IF solution at 78 *C was studied. Of these N FAQ 4 SalItS, N 1 4C(104 was isolated and characterized by tvibrational and
~F NMR spectroscopy. It is an unstable white solid decomposing at 25 IC to give NF3 and FOCIO, in high yield. The

N F4BrO4 salt is of marginal stability in I 1 solution and decomposes to NIF, 0,, and FBr0 2. Attempts to isolate N F4 BrO,
as a solid resulted in explosions. The N F410 4 Salt could not be prepared due to the facile fluorination Of 104 to I1F40'
by either HIF or BrE,. Attempts to prepare NF4 'XE 4O (X = Ul, Br) salts by metathesis between NF 4SbF, and CSXI 40
in BeE, solution at 25 OC were unsuccessful; with BrF.0 fluoride abstraction occurred, resulting in the formation of NI~j
F,, and BrF,O, whereas CsCIF4O underwent a displacement reaction with BrE, to give CsBr-' and CIEO. The metathetical
Synthesis of N FNO, could not be studied in HiF due to the reaction of N03 with HIF to give NO2 '. 1120, and liE, . The
metathesis between NF 4SbF6 and CsF in HIIF at 78 OC did not produce N F, 1 but produced an unstable white solid
of the composition NF 4 HEi, -riff. The composition. thermal stability, spectroscopic proper-ties. and decomposition products
of this solid were studied. T6e N F4,H F salt is stable in 1-HF solution at 25 *C. and the synrthetic usefulness of these Solutions
for the synthesis of other NF4 ' salts is briefly discussed. Attempts to prepare NC14 ' and NC1204* salts by F C1 exchange
between BCIj and NJ 4

* and NF,O* were unsuccessful.

Introduction CI1: "0 .and NF4
4 N03  Since the existence of a stable

NOCI,'SbC I,, salt has recently been reported,2 it appeared
The first report on the successful syntheses of N F4 ' salts interest. ing to study the possibility of exchanging chlorine for

were published' in 1966. Since then, numerous Nl,4 salts fluorine in either NE 4
4 or Nf,) 4 salts by using BC13.

have been prcparcd and characterized which contain as
counterions BF4 ' " XF'. (X = Ge, Ti. Sn), XF, i0 '2 (X = Experimental Section
P. As. Sb, Bi),. 2 74'10't't" 4 18 or XE6 ,2 (X = Ge. Sn, Ti, Materials. l.iterature methods were used for the syntheses of
N i).t- 12 J9 All thcse anions are derived from strong per- NEF4SbF "7 NE2OSbF,. 2' CsCIF4O,22 and CsBrF4 O.21  The BrF,
fluorinated Lewis acids. It was therefore interesting to in- (Matheson) was treated with 35 atm of F, at 200 *C for 24 h and
vestigate the possible synthesis of salts derived from either the then purified by fractional condensation through traps kept at -64

and -95 *C, with the material retained in the latter being used.
simplest anion F or oxygen containing anions. Although in Hy~drogen fluoridle (Matheson) was dried by treatment with 20 atm
1968 Tolberg and co-workers found evidence for the existence of F, at room temperature. followed by storage over BiF, to remove
of unstable N F," salts probably containing the HEF, or the the last traces of IA". The CsE (American Potash) was fused in
C10 4 anion.' these salts were not well characterized and no a platinum crucible and ground in the drybox. The CsC10 4
data were published. in this paper. we describe the synthesis IROC/RIC) was used as received. The CsNO, was prepared from

and 'haracterization of NF4*H F, *nH-F and N F4
4C10 4 and aqueous CsCOj and HINO, by using a pH electrode for end point

the ttmptd snthsesof F4 ~rO4 NE4 BrFO . NE'F4 - detection. It was purified by recrystallization from H,O and dried
in an oven at 100 'C for 24 ht. The B03) (Matheson) was treated
wkith fig and purified by, fractional condensation prior to use.

_____________________________________________ - Apparatus. Volatile materials used in this work were handled either
it) ('hrtsic. K 0, (muerlin. . P. Piskith. A L' Ilin'eg %u(~iI Clen I-vi in at Monet Teflon FEP, a stainless Steel Teflon FEP. or a Teflon

1966. .P31E..\KI tigia.R liI AI rr- vacuum line. The latter was constructed exclusively from in-
(2) Ttc. .hen .Letti%. 2 . i~hii K ,*tu .1tIi e~~ction-miolded PEA fittings and valves (Fluotroware, Inc.). The

(3) Goetschel. C T: ('impantile. V A.. Curtis. R M.- t iss K R . Wigner. inhydrous VIF was preferentially handled in the PEA or Monel line,
C. D. W~itson, J. . Inorg. (/7i'nt. 1972. 1/. 1690 whereas the halogen fluorides were handled mainls in a steel line.

(4) Tolberg, W. F. Rewick. R. T.: Zeitcnga. Gi R, Dotder. %I t: Itill. M. All lines %cre well passivated with CIF, and, if HF was to be used.
E.. prisati, communication, with III:. Nonvolatile materials were handled in the dry nttrogen
194Se nko 134 1 Rutoki.V a.DA. tAJ\u X7Rt7 atmosphere of a glovebox. Metathetical reactions were carried out

(61 Rosotosskii .V Yai Nefedo%. N. L.. Sinelnikin. S M. :1 'Aka \auk in either 1HF or BrF, solution by using an apparatus consisting of two
SSSR, 'Sr Ahint 1973, 7. 1445 LII' l-traps interconnected through a coupling containing a porous

7) Christ. K. 0. Schack. C. J.: Wilson, R. D) J f'(sirsc ('him. 1976. Teflon filter (see Figure I of ref 12) For NMR or low -temperature
8. 541t vibrational Spectra, the second FEP U-trap, which served as a recetver.

( 8) Chrimty K. 0. tlson. R. D.. Axworthy. A E' Inorg ('hens 1973. (2.
2478. was replatced by either a 4-mm Teflon FEP Or thin-walled Kel-F tube.

(9) Misthr. S P. Ssmons. kM C R . Cthriste. K. 0. Wilson. R 1) . Infrared spectra were recorded in the range 4000-200 cm Ion a
W.agner, R. t In,,rg. ('hem. 1975. 14. (1113 Perkin-Elmer Model 283 spectrophotometer. Room-temperature

(10) Christe. K. 0.: Schiack. C J_: Witsiin, R. D Iwnerg. ('hein 1976. 15. spectra of solids were obtained by using dry powders pressed between

1275 hrst. .0.Sca.C.. sr.(h.1971.33.AgCI disks. Low-temperature s'pectra were obtained by plactng the
Ht 1) Christe. K. 0., Schack. C. J .V. (son. R(*he-ig. 1977 chilled powder between cold AgCI disks and striking thec disks with

113)~~~~~~~~~~~~~ Imri.3 .Crsy .Pvah ne 
3
ei16 1 a hamminer. The resulting Aglil sandwich %as held in a liquid N. cooled

(14) Totberg. V.. F Rcwick. R T Stringhaim. R S . Hll. M I: /sieg
(hem. 1967.06. 11I56,

(t5) C tiriste. K 0 V.W'itson. R. D.; Schick, I Im (n 'heti 1977.1 L) 417 (2011 Dchninivhc. K . "Scissen. It , Kon2Imel, M .Straefile..J 4ngei. ('hem. Imt
(16) Christc. K 0.: G;uertin, J. P. Pastith. 1. Saiwm. 'A. Inog ('himt IdI 

1
nv / 1977, 165. 545

1967.6. 533 i2l) ( hrisi... K 0). Mi,i. V. ieg ('h, 11969. .. 1251
(17) Christy. K 0. Pilipovich. D) Iniirg ('hent 1971. 1ii. 25(11 (2211 ('hrt, K 0). NSchack. C. .1 . Pilipoi ch. 1) Inirg C'hem 1972. 11.
It8) Christe. K. 0 V.'ilson, W. V. , Schack. C Jt Jt.. uin ( h, 1978. 2210'

(.71. C1 (' ti,i tI. 10. (i ) ). ('uiu,. 1 ' Kuhlinanin. V. Sawodns.
(19) Clirite. K (0 In,,rt C'hen). 1977. /(s. 221(1V. ( ( iii',, I98 , .'1
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sample holder of a low-temperature infrared cell 4 with external Csl The thermal stability of solid NI- 4
4CIO4 was studied by pumping

windows. Spectra of gases were obtained by using a Teflon cell of on a sample at a given temperature for I h and measuring the amount
5-cm path length equipped with AgCI windows. of NFj and FOCIO evolved. Whereasat 13 'C NF 4('IO 4 essentially

The Raman spectra were recorded on a Cary Model 83 spectro- is still stable, slow decomposition was observed at 0 O( which became
photometer using the 4880-A exciting line and a Claassn filter"5 for rather rapid at 25 *C, giving the sample the appearance of a fluidized
the elimination of plasma lines. Sealed quartz, Teflon FEP. or sand bath. Caution! Since the thermal decomposition of NF 4CIO 4
Kel-tubes were used as sample containers in the transverse-viewing, yields the "cry shock-sensitive' FOCIO) in high yield, one should
transverse-excitation technique. The low-temperature spectra were take appropriate safety precautions when working with this compound.
recorded by using a previously described2" device. Polarization Reaction of NF 4SbF 6 with CsBrO4. The compatibility of CsBrO 4
measurements were carried out according to method VIII listed by with HF was established in the same manner as described above for
Claassen et al.2' Lines due to the Teflon or Kel-F sample tubes were CsCIO 4. The solubility of CsBrO4 in HF at 25 0C was in excess of
suppressed by he use of a metal mask. I g/g of HF. For the metathetical reaction, NF:4SbF 6 and CsBrO 4

The F NMR spectra were recorded at 84.6 MHz on a Varian (1.0 mmol each) in HF (2 mL) were stirred at 20 *C for 1.5 h, then
Model EM 390 spectrometer equipped with a variable-temperature half of the solvent was pumped off, and the mixture was cooled to
probe. Chemical shifts were determined relative to external CFCl,. -78 *C and filtered at this temperature into a Teflon FEP NMR tube.

Preparation and Properties of NF4+CI0 4 . The compatibility of The NMR tube was sealed off. and the filter cake was pumped to
the C1O 4 anion with H F was established by tissolving CsCIO 4 in H F dryness and shown by vibrational spectroscopy to consist of CsSbF 6.
and recording the Raman spectra of the solution and of the solid The Raman spectrum of the solution, which showed signs 4 gas
residue recovered after removal of the solvent. Both spectra showed evolution (02), exhibited the bands characteristic for N F4

+. BrO4 )'
exclusively the bands characteristic for CO 4 . In a typical preparation and FBrO2 2 with the intensity of the FBrO2 bands growing with time
of NF 4CIO 4, NF 4SbF6 (10.03 mmol) and CsC1O 4 (10.02 mmol) were at the expense of those of N F4

+ and BrO 4 . The F N M R spectrum
placed into the '/ 4-in. o.d. Teflon FEP bottom U-trap of the metathesis showed resonances characteristic of N F4  (sharp triplet of equal
apparatus. Anhydrous HF (8.56 g) was added at -196 *C. The intensity at 0 -217 with JN = 227 Hz) and NF 3 (broad triplet of
mixture was kept at -78 *C for IS h and then for 2 h at -45 *C with equal intensity at 0 - 143 with J1,, = 150 Hz) and a broad line at
agitation. The entire metathesis apparatus was cooled to -78 *C a,.d 0 186 attributed to H F (0 196) undergoing rapid exchange with FBrO2inverted to separate the CsSbF6 precipitate from the NF,+CO, (.A -205)." Caution! Explosions occurred when attempts were made
solution. Dry N, (2 atm) was used to pressurize the solution during to isolate solid NF 4BrO4 from an HF solution which had never been
this filtration step. The HF solvent was pumped off at -78 and 45 warmed above 78 *C.
°C for 7 days. The resulting white solid residue was allowed to warm Reaction of CsNO 3 with HF. Cesium nitrate was dissolved in

to ambient temperature, and the gaseous decomposition products were anhydrous HF. The Raman spectrum of the solution did not show
separated in a dynamic vacuum by fractional condensation through the bands characteristic of NO 3 but did show only one band at 1411
a series of traps kept at --112, -186. and 210 *C. The -210 *C trap cm I which is characteristic 4 for NO2. The solid residue obtained
contained 8.0 mmol of N F3 and the -186 *C trap had 8.0 mmol of by pumping the solution to dryness was shown by Raman spectrosccpy
FOCIO which were identified by infrared. Raman, and F NMR to consist again of CsNO3.
spectroscopy." The filter cake (3.60 g, weight calculated for 10 mmol Reaction of NF4SbF6 with CsBrF4O in BrF5. In a drybox a mixture
of CsSbF6 3.69 g) was shown by infrared and Raman spectroscopy of N F4SbF6 (0.536 mmol) and CsBrF40 (0.449 mmol) was placed
to be CsSbF6 and did not contain any detectable impurities. A small into a 3/4-in. o.d. Teflon FEP ampule, and BrFs (4 mL, liquid) was
amount (80 mg) of a white stable solid residue was left behind after added at - 196 *C by using the vacuum line. The contents of the
the thermal decomposition of the NF 4CIO 4 which, on the basis of its ampule were warmed to 20 *C and stirred with a magnetic stirring
vibrational spectra, consisted of a mixture of NF4SbF 6 and CsSbF 6. bar for 2.5 h. The ampule was cooled to -196 *C, and the noncon-
The 20% of NF 4CIO 4 unaccounted for by the above material balance densable material (0.42 mmol of F2) was distilled off. The material
corresponds to the amount of product in the mother liquor typically volatile at -95 *C was distilled off and consisted of 0.48 mmol of N F3
retained by the CsSbF6 filter cake in similar metathetical reactions. The material volatile at 20 *C was separated by fractional condensation
It is decomposed and pumped off during the HF removal step in which through a series of traps kept at -64. -78. and -196 *C. The -64
the filter cake is allowed to warm to ambient temperature. On the OC trap contained BrF3O (0.43 mmol), in addition to some BrFs. The
basis of the above material balance, the N F4CIO 4 prepared in this two colder traps contained the bulk of the BrF5. The solid nonvolatile
manner had a purity of 95 wt %. reaction product (205 mg, weight calculated for 0.449 mmol CsSbF,

I-or the spectroscopic identification of NF 4CIO 4 and the deter- and 0.087 mmol NF 4SbF6 194 mg) was shown by vibrational spec-
mination of its thermal stability, reactions were carried out on a troscopy to consist mainly of CsSbF 6 containing some NF 4SbF6.
I 2-mmol scale by using 4-mm o.d. Teflon FEP NMR or thin-walled Reaction of CsCIF 40 with BrF s. In a sapphire reactor. CsCIF40
Kcl-f: tubes as receivers. The '9F NMR spectrum of an NF4+CIO 4  (1.234 mmol) and BrF, (15 mmol) were combined at - 196 *C. The
solution in anhydrous IF at 40 *C showed the signals characteristic mixture was kept at 20 *C for 12 h. The volatile products were distilled
of NF 4

+ (triplet of equal intensity at 0 214.8 with JNF = 229.3 Hz off and consisted of BrF5 and CIF3O (1.2 mmol). The solid residue
and a line width of less than 3 Ili). FOCIO, (singlet at 0 -219.4)," (405 mg, weight calculated for 1.234 mmol of CsBrF6 403 mg) was
and N Fj (broad triplet of equal intensity at 0 -142 with JNF = 150 shown by vibrational spectroscopy to consist of CsBrF 6.3-

liz)2,'. When the solution was kept at 20 *C and continuously Preparation and Properties of NF 4+HF2 .nHF. In a typical ex-
monitored by N MR. the signal due to NFi* was found to steadily perimcnt, NF,SbF6 and CsF (10.0 mmol each) were placed into the
decrease, and those due to FOCIO) and NF3 were found to corre- metathesis apparatus and HF (10 mL) was added at 196 *C. The
spondingly increase in relative intensity. A solution containing 40 mixture was stirred at 20 *C for 2 h, then cooled to -78 *C, and
mol % of NF 4 and 60 mol % FOCIO, was found to change within filtered. Most of the HF solvent was removed by pumping at -78
16 h at 20 °C to 17 mol % of NF 4

+ and 83 mol % of FOCIO3. The *C for 36 h, 64 *C for 12 h, 57 *C for 6 h, and 45 °C for 6 h.
decomposition of NFCi0 4 in HF solution at ambient temperature At 45 *C the residue was still liquid but. when cooled to -78 *C.
was also followed by Raman spectroscopy which showed the bands changed its appearance to that of a wet solid. The pumped-off material
due to FOCIO32" to grow with time at the expense of those due to consisted of HF. The sample was allowed to warm to ambient tem-
N F4

4 and C104 . Due to its low boiling point and low solubility in perature, and the evolved volatile material was pumped off through
HF, NFI could not be detected in the HF solution by Raman spec- traps kept at 126 and 210 *C. The amounts and mole ratios of
troscopy. HF ( 126 *C trap) and NF3 ( 210 'C trap) were periodically

(24) toos. K R a(.mp;inile. V , . (ioestschcl. T ( Spri tro(him .4,i. (30) Rohrback. G H . ( ady. (G H J .tn (hen, Soc 1947. 6Q. 677
Part 4 1970. 26. 16s (31) Bro'sn. I .Icgun, G M . Bod. G L J 4m (hem Sk, 196. 9/.

(25) (laassen. 1 -1 .H Selig. If : Shamir. J. .. Ippl Spet it'rs,. 1969. 23. 8 225O
(2i) Miller. I A . Itarner,. B M tppI ,Spetrm( 1970, 24. 291. (32) ( hriste, k 0. ('urtis. - ( . Jacob. I /nirg (hem 1978. .244
(27) Chrisic, K 0, unpublished re.ults (331 (ilkspie, R. J., Spckken,, P J ('hem ,,, . Dalhn 7ran. 1977. 1539
(28) Noggle. J It . baldchwiIler. I. I), (,lburn. C 13 J ( hemi Phi (34) Siebert. H "Anwendungen der Schwingungspektroskopic in der

162, 37. 182 Anorganischcn (henii". Springer Vcrtag Berlin. 1966. Vol VII
(29) Rose. W B. Ncbgen. J W . Met/. I I Rev. Sti IntMirum. 1966. 37. (3S) Bougon. R . ( harpin. P. Soriano, . C R lihhd S4,ant'si i, ad S, i

238 Aer ( 1971, 272. 505
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measured while the sample was cooled back to 45 °C. Several hours
of warming to ambient temperature and to 40 'C was required to
achieve complete decomposition of the salt. A total of 8.32 inmol NF 4 + C 104
of NF3 and 19.63 mmol of HF was collected with the tHl.KNF3 mole
ratio ranging from 10.1 at the start to 1.54 toward the end of the Z
decomposition. A small amount (80 mg) of a stable white solid residue
was left behind after completion of the decomposition which consisted - 1209
mainly of N F4SbF0, and some CsSbF6 . The filter cake (3.5 g, weight Q)
calculated for 10.0 mmol of CsSbF, 3.687 g) consisted of ('sSb, .
The 15% of the NF 4

+ value unaccounted for by the above material . / 604
bilance is in line with the amount of material in the mother liquor 941 849
generally retained by the CsSbF, filter cake in similar reactions (sec 1151 622
N F4CI0 4 preparation). On the basis of the above material balance, 1104
the purity of NF 4HF2.nI'|F obtained in this manner is about 97 niol 1
% with the CsSbF6 and N F4SbF6 impurities being caused by the slight 6
solubility of CsSbF. in HF and a small excess of one reagent During j 610
the above-described ambient-temperature decompos~tion of * 1
NF4HFz.nHF, the originally liquid sample first turned milky and past) > 623 459
and then after being recooled to 45 *C had the appearance of a white it 1160 1113 474,
dry solid which melted very slowly when warmed again to 20 *C. On Z 11431098
melting, it started to bubble and foam. w 1a1062 40

For the determination of the spectroscopic properties, metathetical Z
reactions were carried out as described above but on a I-iemol scale.
The 9F NMR spectrum of the compound in HF solution showed the 1400 1200 1000 800 600 400 200 0
signal (triplet of equal intensity at 0 -216.2 with J,, = 230 Il and FREQUENCY, cm - 1

a line width of less than 3 Hz) characteristic"-. 4 of N'I+ and a broiid
line at 0 195 due to rapidly exchanging HF and HF2 . The solution Figure 1. Low-temperature vibrational spectra of solid NF 4 CIO 4 .
appeared to be stable at ambient temperature, and no formation of The infrared spectrum was recorded as a dry powder between AgC
the NF 3 decomposition product was detectable by NMR. disks at 196 'C. The broken line indicates absorption due to the

Raman spectra were recorded for the HF solutions at different AgCI window material The Raman spectrum was recorded at - 110
concentration stages. In all cases, only the characteristic N F,* bands 'C with a spectral slit width of 6 cm
at 1170, 859, 617, and 448 cm I were observed. For the most dilute
solution also a very broad solvent band centered at about 3300 cmi Table I. Vibrational Spectra of Solid NFC10,
was observed. After removal of most of the'solvent at 57 0C, the obsd freq, cm-',
solvent band had disappeared. When this sample was frozen at 110 and rel intensa assignt (point group)
*C, numerous intense bands in the 1400-1700- and the 650-850-cmI
region appeared. However, on further removal of HF, the spectrum IR Raman NFl4 (Td) CIO, (T

d)
of the solid at -110 'C showed again only bands due to NF4,. 1209 w 2v4 (A, + E + F-2)

Reactions of NF4SbF 6 and NFzOSbF6 with BCIj. A sample of 1190 (1.3)
N F4SbF, (1.85 mmol) was treated in a Teflon FEP ampule with a 1151 s 1160 (1) v, (I.,)
10-fold excess of BC13 for 3 h at 20 *C. The volatile products were 1143 (1.2)
separated by fractional condensation and shown to consist of NF3 and 1104 vs 1113 (0.8)
mixed BF,C13 i-type compounds. A small amount of solid residue 1098 (0.3) mv, (F,)
(60 mg) was identified by vibrational spectroscopy as NO+SbCl6 . 1062 (1)
A sample of NF 2OSbF6 was similarly treated with BC1. The 950 (6)

volatile products consisted again of mixed BFC -type compounds, 941 (10) (A,
but NO+SbF. was formed in almost quantitative yield as a nonvolatile 849 (10) v, (A)residue. 640 (2)(F

622s 623 (3) ,()Results and Discussion 604s 610(6) V4 (tI.')

The general usefulness of the metathetical reaction 474 (2.5) v. (E)
459 (3.5) (F)

NF 4+SbF, + (.s+X -2,--- Cs+Sbf'6  + N F4 +X a Uncorrected Raman intensities.

for the syntheses of otherwise inaccessible N F4+X salts has the same path. The essentially quantitative formation of
previously been demonstrated.iI.t.is for a number of per- FOC10 3 is noteworthy and represents a new and convenient
fluorinated anions. In this study this approach was extended synthesis of FOCIO. On the basis of the observed material
to oxygen-containing anions, such as the perhalates and let- balance, the yield of NF 4CIO 4 is high, and the only significant
rafluorohalates. loss of material is due to the amount of mother liquor retained

Synthesis and Properties of NF 4CIO,. The C104 anion wsas by the (sSbF, filter cake. The purity of the NF4CIO 4 product
found to be stable in HF solution. Therefore, NF4 ('lO 4  as is also high, and the impurities present are CsSbFb, in an
prepared according to amount corresponding to its solubility in HF at -78 *C. and

ttf any slight excess of starting material used in the reaction.
N F4SbF(, + CsCIO 4  79-*" CsSbF,, + N F4C('O4  The ionic composition of NF4CIO 4, in both HIF solution and

the solid state, was established by vibrational and '9 F NMR
The reaction must be carried out at low temperature since, spectroscopy. The '9F NMR spectrum of NF 4+CIO 4 in HF
even in HF solution, NF 4CIO 4 undergoes decomposition at solution showed the signal characteristic- t 4 for tetrahedral
room temperature. The NF 4CIO 4 salt can be isolated as a NF 4 . The Raman spectra (cm i) of this solution confirmed
white solid, stable up to about - 13 "C. At 0 and 25 'C, the presence of tctrahedral NF 4

+ (1170 (w, br) , 855 (vs , p),
respectively, slow and rapid decompositions of the solid were 612 (m), 448 (row)) ' and CIO4 (940 (s, p), 620 (w), 460
observed according to (w))Y The infrared and Raman spectra of solid NF 4 CIO 4

NF 4CIO 4 - NF + FO(l), are given in Figure I. The observed frequencies and their
assignments in point group Tdare summarized in Table I. As

In H F solution the rate of decomposition is slower but follh)ws expected for a solid, splittings of bands into their degenerate
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components and crystal splittings are observed. In addition _0 + N + F, + BrF
Y(AI) and v,(E) which ideally are infrared inactive were + r
observed in the infrared spectrum as extremely weak bands.
The pronounced Christiansen effectbO observed for the infrared but not for BrF 4 which was fluorinated 4 to Bri,
spectrum is due to the experimental difficulties in obtaining Bri,
good pressing of AgCI windows at low temperature. The NF 4SbF, + KBrF 4  KSbI- + NI", + BrI-,
pressing was achieved by striking the sample sandwiched
between the AgCI plates with a hammer. The sample did not
detonate under these conditions, indicating that N F4CIO4 is The corresponding metathesis between CsCIF 40 and N F4 SbF,
considerably less sensitive than its decomposition product was not studied because it was found that CsCIF 40 reacts with
FOCIOa BrF5 according to

Reaction of NF 4SbF, with CsBrO 4. The BrO 4 anion was CsCIF40 + BrF, - CsBrF6 + (lF-O
found to be stable in HF solution, thus allowing the metath-
etical reaction The formed CsBrF6 would be capable of undergoing with

+I+ NF 4SbF 6 the above-given fluoride abstraction reaction.
NFI4SbF' + CsBrO4 -,*. CsSbFJ + NF 4 BO 4  Reaction of CsNO3 with HF. The compatibility of CsNO 3

with HF was studied in order to explore the feasibility of

to be carried out. The presence of tetrahedral N F4
+ 10.0,14 and synthesizing NF 4NO3 . Although CsNO3 is quite soluble in

BrO 4 31 in the resulting HF solution was demonstrated by F HF and can be recovered as such from HtF solutions, Raman
NMR and Raman spectroscopy. By analogy with NF 4CIO 4, spectra of these solutions showed the absence of NO 3 and the
slow decomposition of the NF 4BrO 4 solution occurred at room presence of N0 2" as the only nitrogen-oxygen-containing
temperature. However, instead of the yet unknown FOBrO3, species. These results imply an equilibrium, such as
only its expected 7 decomposition products, FBrO, and 0,,
were obtained in addition to N Fl. NO, + 4HF 1 NO, + + 1[0 + 2 HF,

NFBrO -NF3 + [FOBrO3] which has previously been postulated' ° for these solutions. In

[FOBrO 3] -.. FBrO, + 02 view of the absence of NO 3 in the HF solution, no metath-
etical reactions between CsNO 3 and NF4SbF6 were attempted.

Attempts to isolate solid N F4BrO from an HF solution, which Preparation and Properties of NF 41F 2.nHF. The N F4 F
had never been warmed above -78 oC, were unsuccessful due salt, which has an active fluorine content in excess of 90 wt
to a sharp detonation of the sample with flashing. Whether %, would be of extreme interest. However, previous attempts
this was caused by N F4BrO 4 itself or by possibly the presence to prepare a stable salt from N F and F, at - 196 0C by either
of some FOBrO3 could not be established. bremsstrahlung' or UV photolysis'0 were unsuccessful. ndi-

The metathetical synthesis of N F4104 was not possible due et at the sl is unstl w re tisudeompositi
to the fact that 10, interacts with either H F11. 38 or BrF2'  cating that the salt is unstable with regard to its decomposition

to NF3 and F,. Since most of the metathetical reactions for
according to the production of NF4

+ salts are carried out in anhydrous HF,

104 + 4HF IF.O. (cis and trans isomers) + 2H 20 which is an acid, it was of interest to define the nature and
stability of a possible NF 4+HF, salt. A previous unpublished

IFO + 2HF - HF, + HOIF 40 study4 of the LiF-NF4 SbF, system in HF at ambient tem-
perature had provided evidence that after removal of the

104 + 2BrF, -- IF40 2 (trans isomer mainly) + 2BrF3O precipitated LiSbF6 a stable solution containing the NF 4
+

cation was obtained. All attempts to isolate a salt at tem-
The metathesis between (sl 4 02 and NF4 Sbt:6 in HF. l- peratures of 44 'C and above from this solution resulted in

lowed by the thermal decomposition of the metathesis product. decomposition to N 1), F, and H F. Removal of the solvent
produces the novel compounds cis- and trans-OIF40F and will at - 78 'C resulted in a wet solid which was not characterized.
be reported in a separate paper. Since our previous studies"0 had shown that a low-tern-

Reaction of NFSbF, with CsBrF 4 0. Although CsBrF[O perature metathesis using a cesium salt is superior to a lithium
reacts with HF ' according to salt based process, the following system was studied:

CsBrFO + [IF - CsHF, + BrF 1O CH F.NF 4SbF, + CsF 7 CsSbF ,, + NF.4 HF2

BrF5 does not interact with CsBrF 4O 2' and therefore is a + oH ,

suitable solvent for studying thc reaction of N F4SbF. withsitable solvet forlltuinge reactions of : NOn the basis of the observed material balance, the soluble
product consisted of about 97 mol % NF 4HF 2 with the re-

RrF, mainder being CsSbF, and excess of either starting material.
CsBrF 4O + NF 4SbF8 2' -( In agreement *ith the previous observation,4 N F41tF, is stable

CsSbF, + BrFjO + F. + NF, in liF solution at ambient temperature and shows in the '9F
NMR spectrum the characteristic'' 4 NF,' signal. The

The formation of these products indicates that the salt presence of the NF 4  cation and the virtual absence of anions
NF 4+BrF 4O is not stable under these conditioins and that, other than those due to solvated F was also demonstrated by
contrary to the N F4 CIO 4 and N F4+I F40 2 reactions, fluoride Raman spectroscopy of solutions at different concentrations.
abstraction from BrF4O is preferred over the fluorination of As shown by trace A of Figure 2. thse solutions exhibited only
BrF 40 to either BrF 4OF or BrFO. A similar fluoride ab- the four bands characteristic"' of tetrahedral NI 4 . The
straction has previously been observed4 for BrF, difficult in observing bands due to solvated HF, is not

surprising in vic of H|F being a weak scatterer and the ex-

(36) Lawess., F. W. 4nal Len 19%7, /. I3
(37) Machetcau, Y. G (ifltardcau. J BuI .S,,( (him Fr 1969. 1 K14
I139) Scig. II . l~,ad. t In,,rg u, I (hen y lon 1976. 1.. 91 (401 ( hlord. , |. I c H ctwll. It ( . \.l k. \1 .1 In.,, \.ul ('hm
(39) Christc. K 0. (urlls. F .U i)ugon. R lni,rg (hen? 197. I7, 1 1A 1957. . "
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853 of a solvated IIF, .nHF anion was also demonstrated by Ra-
NF4+ HF2-'nHF I 614 man spectroscopy (see trace B of Figure 2) which shows the

presence of broad complex bands in the vicinity of the sym-
I metric (600 cm 1) and the antlsymmetric (1455 cm )

stretching modes 4 of HF- . Upon removal of most of the

1170 solvated [tF, these bands lost intensity, resulting in a spectrum
t 0 consisting exclusively of the N F4  bands (see trace C of Figure

SOLID 863 810 .672 It is also noteworthy that with decreasing [IF content the
1488 705 melting point of NF 4+HF, *nl lF increases and approaches

S 156 7 1614 room temperature for n approaching zero. The decomposition
> 449 of NI_4 l1F,.nHF becomes rather slow for decreasing n, par-
V8 ticularly in the presence of other stable fluorides. It appearsZ B 1658

1that such fluorides can assume the function of stabilizing the
1100 1410 ,854 H F anion. A typical example for such a fluoride is AIF, or

SOLID 1 V(A,) ALL 4 . A careful analysis of such s)stems is therefore nec-

essary to avoid the interpretation of such (NF4 H F,)MF. in
terms of (N :4 )AMF,+ salts.

612 The possibility of preparing stable lIF solutions of NF 4HF 2
V2 (E) renders them a very useful intermediate. By addition of a

448
A ,3 (F2) stronger or less volatile Lewis acid, the HF, anion can be
750 1170 displaced and NF 4HF2 can be converted into other NF 4

+ salts.
LIQUID This was first demonstrated4 by reacting NF 4HF2 solutions

with BF, to form NF4 BF 4 and has recently been extended4,
2000 1800 1600 1400 1200 1000 800 600 400 200 0 to the formation of other salts. which due to the low solubility

FREQUENCY, cm
- 1  of their cesium salts are not amenable to direct metathetical

Figure 2. Raman spectra of liquid and solid N I:4+HF: .,illF in a Kel-t" reactions.
capillary: trace A, spectrum of a concentrated HF solution at -75 Halogen Exchange in NF4

+ and NFO +. In view of the
*C (the given assignments are for tetrahedral NF 4+); trace B, spectrum existence of a stable NCI 2O+SbCl, salt,2" it was of interest
for the trace A sample cooled to t10 C (in addition to the N F4  to study the possibility of halogen exchange in either NF 4

+

bands, the spectrum shows bands attributed to HF 2 -niHF): trace C. or NFO with BCI3. For both salts, the observation of mixed
spectrum )f the solid at 110 *C containing only a small excess of BFCI 3 , products indicated that halogen exchange took place.
HF. The sample of trace B was used after pumping off most of the For N F4 the main product was gaseous N F , suggesting that
HF and decomposing most of the sample at about 20 *C. All spectra the likely NFCl + intermediate might be unstable toward
were recorded with a spectral slit width of 8 cm decomposition under the given conditions. For NFO*SbF6.

pected broadness of the lines of HF, undergoing rapid ex- the main product was NO+SbF, which could arise again from

change with the solvent HF. breaking of the rather weak N-Cl bonds in an NCI,O+ in-

Most of the solvent can be removed by pumping at -45 *C. termediate.
The resulting residue is a clear liquid at -45 0C but solidifies Acknowledgment. The authors are indebted to Drs. C. J.
at -78 *C to give the appearance of a wet solid. The com- Schack and L. R. Grant for helpful discussions and to the
position of this residue was determined by studying its ex- Office of Naval Research, Power Branch, and the Army
haustive dissociation at 25 'C according to Research Office for financial support.

NF4 HF,.nlHF - NF, + F, + (n + I )HF Registr No. NF 4CIO 4. 13706-14-4: NF.BrO4- 25483.10-7:
NF 4HF,. 71485-49-9: NF 4SbF6 , 16871-76-4; NF 2OSbF(,. 25562-23-6:

It was found that the mole ratio of NV.:HF was about 10.1 CsCIF4O, 39018-38-7: CsBrF4 ,O. 65391-03-9 CsC104, 13454-84-7:
at the beginning and 1.54 toward the end of this decomposition. CsBrO 4, 33259-95-9: CsF, 13400-13-0; BCI1 . 10294-34-5: BrF,
These results demonstrate that complete removal of solvated 7789-30-2

HF from NF 4HF, is extremely difficult and is accompanied
by decomposition of most of the N 1:4+ salt itself. The presence (41) Wilson. ' .: Christe. K. 0.. unpublished results.
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Das Kraffeld von SF,

The Force Field of SF4
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Force Constants

As it proved impossible, to compute a unique and meianinigful General Valence Force
Field for SF4 from the known experimental data, this was realized by an ab inii cal-
culationi using a basis sot of 3-3-21 +t- I d G functions for the S., and 4-21 G functions for
the F-atom. The values of tho stretching force constants are f (S-Feq):. 5.36 indynfA,
f(S-Frax): 3.25 indyn/A. Problems of assignment of the deforiational modes could be
settled conclusively.

Obwohl SF 4 im Grunde eine reclit einfache Ver- Einbeziehung der bisher unberiicksichtigt gebliebe.
bindung darstellt. birgt seine schwingungsspektro- flea, aber gemiessenenl L121 Zentrifugaldehnungs-

I.skopisehe Beliandlung eine Fullie von Problemnen. konstanten zu einer genaucren Eingrenzung des
Dies liegt zumn einen an der niedrigen Symnietrie Kraftfeldes auch fiir die Rasse A, zu kommen, oder
(C21), die eine eindeutige Zuordnung insbesondere - falls dies nichit zuni Ziel fiihrt - durch ab inai o-
der LDeformationsschwingungen erschwem-t, zumn an- Berechinung der Kraftkonstanten eine LUsung zu
deren an (ler starken Assoziation in fif issigc-r Phase, finden. Durch letzteres kann gleichzeitig die Zuord-
die fur eine Untersuchung des ungestbrten Molekiils nung bestiitigt werden.
lediglich Spektren in Gasphase odor in einer Inert-
gas-Matrix zultilt. Hinzu kommnt, (laB die Ge%%in- Das Kraftfeld aus experimentellen Daten
aung zusiitzlicher spektroskopischer Informnationen
durch das Vorliegen cities asymnietrischen Kreisels Die Normalschwingungen des SF 4 teilen sich nach

unddiebeshri nke '.16giclkeite eier sotpen 4A, + 1 A2 + 2 B, -+ 2 B 2 auf die Schwingungsras-
Su iund i n ehrnkt en z ogichtn mner Isooen -le auf. Die Sy mmretrie-Koordinaten wvurden wie

Su bittn [1-hr begre ish Iieinlagetn Rihe in [11] gewiiht, die F- und G-Matrizen nach der

von rin [1er3 Nrde eschwnu ct, Wefugtrefnsl, Wilsonsechen Methode abgeleitet. Als experimen-

urdun Ie omlcwnunc utefn telle Groflen standen die Schwingungsfrequenzen
ws allerdings erst jiingst [131 mit Hilfe der Daten naelh [13] (Werte der IR-Gasspektren; 3 2 S-34S-1ao-

ftir -SF 4 einigernialen zuverhissig gelungen 1st. topenversehie'bungen aus Spektren in Ne-Matrix).
Hiermit war es audi m6glich, das aligemecine Va- 5 Zentrifugaldehniimngskonstanten [12] und die mitt-
lenzkraftfeld (GVFF) fuir die idefl as3'mietrischen leren Sichintgunigsar-nplituiden [14] zur V'erffugung,

Rasen 1 ud B fetzuegc, ~ulient di 4 or- letztere wurden allerdings nichit in die Iteration
malschwingungen (und damit 10 Kraftkonstanten)
enthaltende Rasso Al miangels ausreichender Dator mbzgn snennctagihbrcnt
nur nmherungsweise behandelt werden konnte. Es Iie Kraftfelder (ier Rassen Bi und B2 lassen sich

aus den Isotopendaten ermittein und wurden aus
soilnun er Vrsuh unernomenwerdn, utr [ 131 fibernornmen, ebenso Fss(A2) mit dem geschEtz-

ten Frequenzwert von v5 = 437 cm-1. nachidem die

*Sonderdruckanforderungon an Dr. WV. Sawodny. gleichizeitig angestellten ab initio-Rechnuagen (siehe
0340-5087/80/0900-1J 37/$ 01.0010 unten) dies als sinnvoll best~igten. Ffir die 10
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1138 XV. Sa%%odlny et al. Das Kraftfold vula SF 4

'1'ab. 1. Kraftfeld fur SF 4 aus experiznntolkin Daton (Valunzkraaftkoiastantoik ind(yla/A 1012 Ntra 1. leforma.
tioskoastntii ndyuI A -- aJ, Valeinz/Deformiatiuas-WVehs,.l"wirkuagik uist anito) uidyra -~ 10 rIN).

13] dirse Arbeit Ma'f~at.Jf 12, 131I. 1v III cm-1, r IIa Nalliz
Al: F11  fT -r r 5,884 5,644 ; (0,233

F22 2 fit fi I 3,467 3,479 + 0,145
KU~ 91 0,01 fy-0, 15 fey,141 ,0 ,9
F4 : 0,71 f., + 0.29 (f. f.. + f'. -i- f"..) +

0,004 fi~4 0, 13 f. 4- 0. 18 f., + 0. 11 f~v 0,863 0,59S -4- 0)023
1', - -- 0(,4105 0,799
F 13 0,32(0 0,311 0,144

F40,300 -0,012 -~0,213

1"23 0.100 0,057 0,125
F24 0,((092 ±0,21
F3. 0,4913 -- 0(,0418 011942

A2: 55 f, f~a f'.j -. fa. 1,67 3
lit1 b86 fit fi - t 2,s21

1"7 f., G. f - f'. - f" 1,67 3
F67)0530 wA i))3

132 1FS, fr frr 5,16
F!" f. .~ + f'..- f-a 1,914

Fh-90,700

111 11,37 11's 11,33 (0.45
-2a 0,447 O',8 0
11-3 4.14 2,s 4,414 (1 ,(15
111 44,448 0,2
1V6  1:3.14 13,13 0,05
* 1'7  4,87
-11- 1(0,53 10,52 0-(.05
1yq 2,48 2,42 (-1

TX 1(0,7 --14.3 -15,2 1,1
Tyy- 6,0 -5,1 - 7,8 -- 1.1

TZrn - 2,1 - 3,2 - 4,9 4 1j)

T2 -- 2,4 -- 2.4 -- 5,2 - .

Kicifkonstanten der Rasse A1 biciben dann neben sicli auch in einer unzureichenden XWiedergabe von
deui 4 Ir('(1 lenzen, den Isotopenaufspaltungen fOr .b-3 ii113rn.
III Mid 03 (far V2 wurde keine beobachtet, V4 niclit ge-
l! Ltssel) 5 r-Werte als Best immInungsgrot~en (wobei ab-initio-Berechnung der Kraftkonstanten fur SF,
in T,~ und T, die Antcile (der Rassen A2 , B, und 112 Da sicli also init den derz('it bekaninten experi.
argt-zugen werlien). Das Ergebnis der Ite'ration fin- mentellen Daten das Kraftfeld des SF4 in der Rasse
det sich in Tab. L. Die grol~en Standardabweichun- Al nielit eindeutig bestimmen la13t. ;ahlen -wir nur
gen zt-igen. d&13 diese IDaten zu einer vernunftigen die .1oglhchkeit. durebcine, al) anilio-Berechnung
Festdegung des Kraftfeldes nicht ausreichen, allh, weiterzukommen. Zuerst wurden nur s- und p-
Nicludiagonalglieder der F-Mlatrix auf~er allenfalls Funktionen verwen-idet. fur Schwefel cin 3.3.21 G.
F13 sind letztlich unbestimmt. Es ergibt, sich ferner. Basissatz nach Hehire und Lathan [ 15[. und Skancke
dal3 alle r-Wertc au~er txxxx und T, -wesentlich zu et al. [16[. fur Fluor ein 4-21 G-Basissatz nach Pulay

* klein erhalten werden, und dies trifft nicht nur ffir el al. [171. D)ie Berecilnungen wurden flacl dter
nias in Tab. I wiedergegebene Kraftfeld zu, sondern Kr~ftemethodn' von Pula * [18] mit Hilfe des
auch f~r -weitere, die wir unter Variation der Zu- TEXAS-Progranims [19] durchgefuihrt, Analog zu
rrnung (ter Deform at ionssch wi ngungen gemA3 frii- 01 erhainer 1111( Boggs [2011 elten Nvir init d1tesen
herer Vorselhage [6, 7, 111 getestet hiaben. Weiter- Basissaitzen starke Abwceichungen (hr berechneten
hiri %eist das berechnete Kraffeld fir Al gegen- von der experimnitellen Geomietric fest -i.sp

iiber dem nur auis den Isotopenverschiebungen ab- chend unterscheider, sich atuch die fur diese beiden
gesclnatzten [131 erhebliche Diskrepanzen auf, die Gleichge%%ieht slagvn erhaltenen Kraft konstanten-
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'A.Sawodny ef al. -Da.. Kraft fold voun SF 13

Tab. 11. Dureli ub iit ito- {ehi un --rhl Iui .K railif I. I r fuir SF14 w11, ~ aaiai T,.

IBasissjakz S: 3112 31 2 1 G ~ :1 :421 Id (
F: 4r2! 4; 4.21 4 4-21 G

Ort:UJ.4.'ii ~ .tlixp44 ..XJ4.

Al: Fil 9.2 12 6.(19'84
I' 2 41.4441 4.523 484

133I.j4 0,7394 1.309
14 1, 12.5 1.1133: 1, 233:

F'13 0.4 11,144I I 14 1.4)73
Fl., 4,133 11. 43s 0.,422

1"230,165 10.1. U.-134
44 , 176; 11,4 133 11,0141

V.34 0448l.44s 40.51:3
A.,: FM 1,66 2.40991

131: F66 5,(128 :1.h88 4,4 1-,3
1*772,23 7 2.26,S 2.413

F6 7  0,618444794 0,7N4

1BL: 9 1, 1:13 61. 1364 7:3241
31,2731 2. 147 :1.404#8

ri (. I &,) 8942 (11,33 11124,9( 1 (13,0)8) 8S50.72 (I114.31i4 1V133,31I (1:.W4:1
1.2 (11.2) 558 (0)) 727.11 (ll~t4 70S.71 ( 1,94) 60,8294 ().(I13)
.3 1":0) 5312 (4,44) 3547,21; (5,12) 477.71 (2.1 .5 31 i14,3 1 (4.72'1

rIIV0228 (122:1,72 (o,4141) 131.ss (44.4) 24H.514 4J.4iI I
1-. (114 ) [4:17 4 7) 4 2.231 (01,11) 4f;1.314 (10.11) 4S94.94 4141,i

1. (.11,6) 7:30 (1:1,13) 1482.52 ( 17, 1) 8.50,79)1 (14,67) ST,4,6 1 15.tih)
1'7 (1 P7) 47.5 (-) 3354.84 ( 1,30) 515,.14 ( 1, 19) 571.11 (1.1481
VS ).l ~ 8467 (104,52) 118S4.41f;)j 15,59) 9746,78 (12,84) 10534,1s 413,794)
V9 (-, p) 353 (2,42) 458,468 (2.76) 372.86 (2,14) 4441,612 (2.6h8,

init ubigon Ba~llstsuitzt lxrcrQi1I1t-

r (A) 1,545 1,6128 1,559
R (A) 1,646 1.6194 1, 61

~ (1 0I,6- I 1 4 1042.2

sAtze (Tab. 11) erheblich x-oneinander. Ollwrlham- die IRichtliglivit der ZuordnunL', die~ ja hunge Zeit in
nlier uuid Boggs [20] z(eigt(en. d6l3 sielh die 1)i.krt-pan- der Literatur kontrovers war [1-131. Jprlufel. [he.

zen buziiglich der Geometrie durch EnI-i,( tlmnug aus der (lb ini ti(4-R1'clnunlg (erhaltvefln I'requ4.nfz.
von d- Funktjonen beseitigeri lassefl. IDeshalb %ur- werte stUtzen cindeiutig die Zu(Jrdiilllg aller Va-
den atich von uns Rechnungen mit tiller urn (d- kenzsciwingungen und der Deforniationen 44 und
Funktion (Exponent: 0,6) (-rmujterten Bas.is VOIge- 49 nacli [6. 1(0. 13], die Besonderhejt eine(r sehr
no(mmen. Die damnit ermittelte ('.eomnie st inti~ hohen De(formiat ionsschwinging in AI (v2. nun knapp
nun, somohl mit 1201 wit' mit der aus Alikr,~mv4lien- ujiterhall, der Valenzfrtequenz 1,2) wind bestlitigi.
spektren erhaltenen 121] befriedigend fiberein. l)cn Die Alternative mit V3 -- 350 cm- I [11 kann mian
zugeli6rigen Kraftkonstantensatz und die dkiu damit endglotig ausscllljii-el. Le-diglh I die Zu-

'2 ~~~berechneten Schuiingungsfrequenzen 1111( 1sot114-Il- schlibuiig der Scll Wingunlgen bei 47,5 u~nd .532 emI
aufspaltungen zeigt ebenfalls Tab. 11. zII r2 (Al) Und V7 (MI) (Q6, 101 einersvits. [ 13] andener-

/.jelt mlan in Betracit . dall hei (ier(lt igen Reelh- seits) hIat sicl nicht1 entscheiden. (lie Bertcelnung
nungen die Diagonaiglieden der Kraftkonstaunten- ergibt hier idlelt ische J'requnzwerte. .Jedocl wird
Matrix und damit die Scluwingungsfrequenzen imi- die Zuordnung t-3 -532 m -1, V7 -- 475 emi I (% i

iimer zu hoch enhalten werden, insbesondere, die Va- in 113]) tdur(lh (lite Isotopenverschiebungen ((dit- (d)
lenzkraftkonstanten und -schu ingungen von X- F- injito alle etwas mi hoch erhalten -werdeus) gestitzt.

.44Bindungen [22-25), so kann mian mit demi Ergebiiis Wir hiahen diese Zuordnung dariiber hinaus dunch
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1140 W. Sawodixy et al. - )a Kraftfol von SF4

Tab. 111. Dus Kraftfuld der Ramie At fur SF4 auf der Basit3 des ab iniliu-ftesultatm (Dllnenwiomn wili Tub. 1).

tiachitoriertm 11 od itiziorut gork:
ub initio.Fold at b c d

Fit 5,533 ±0.099 5,535 5,522 .5,50 562
F...2 3,724 0,0561 3,6183 3,698 3,68b4 3,6162

331,448 o,229 1,458 1, 45 6 1,465 1,447
V43 o,9 8! 1 o138 (0,876 0,879 0,880 0,873
F12 0,7-.56C 0.68 0,70 o0,68 (1, wr
F13  0,07,3 (1.12 0,11 (1,1 1 ,13

J 0,422 0,36 0,37 (1,36 1 , 411
I~3-0,034 -o(1.34 - - 0,05 0,034 - 0.1134

0-1,051 *--0,1)51 -0,07 il,1151 0,051
0,513 o,513 0,513 0.18 01,505

Sr) 90,60 (11,64) 891,07 (11,82) 891.15 (11,82) 8911,96 (1 1,93) S91,0J3 (1 1,56)
,' ~ 557,95 (0,21) 557.88 (). 11) 5.57,82 (0,04) 557,90 (0,15) 557,81 (0,W2)
1-3 V3) 535,41 (3,81) 533.53 (3.80) 533,45 (3,86)) 5:14,11 (3,69) 533,76 (4.03)

1-4 Fr4) 227,56 (0,11) 227,77 (0,10) 227,78 (0.10) 227,71 (0,101) 2 27, 75 (0,10)

- I1I';- - 11,5 _11,5 I- II,i - 11,2
--m 5,5 - 5,6 -5,6 -- 5, 1; 5,61

2.1 - 2,1 - 2,1 - 2.1 -2,1

01,28 - 0.04 - 0,011- 0,112 (P.112

1,,, - 1,9 - 1,!) 1. 1.9
-yz 0,8 0, O-s 08 O'S 0,8 0.s

T- 12,6 -12,9 -12,9 -12,9 12,9
2- 2,1 - 2.1 - 2,1 -- 2,1 -2, 1

cube Messung der Polarisationsgrade (ier Liniexi bei kungslyps (V'alenz-Deforrnation..;-Kopplung) deren
558 und 532 cm-'I ((lie Linien bei 475 und 350 em untcrsehiedliche Richitung (Fe7(exp) > l'6 7 (ab in.)-;
maren so seliwach. da3 ilir Polarisationsgrad nicht, Fii9(exp) -Fjj 9 (ab in.)). Dies IOuB nicIht unbedingt
festge.tellt -werden konnite) irn Ramian-Gasspek. cifle t7nzuvrassigkczt der ab inilio-Rechnung si.

truixi bestaitigt: beide Linien sind irn Gegensatz zu gualisieren: Kontroil- Untersnuchungrcn haben ge-
fruheren Angahen [5] polarisiert. Ffir die inaktive zei.-t, daB etwa ilci eincr Aittahinie vonF7

1(A2) IiiBt sich aus der ab initio-Rechnung cmn 0152 mndvii uid F89 , 0,65 rndyn (Abmeichuzig voin
Beriebc von 400-450 cm-' abschiAzen, so daB ab iniio.Vert, in glicier Riclitung und in glcichemt
div Aanaliie v5 -~ 437 cmi-' [13] durehaus plau. Verhidtnis) K raft felder erhxdlten werden. die fNr alle
,Sibl1 ist. gI'niessnenl .1i keine grOleren lDiskrep anzen al..

Angesiclit, der Erkenntnis, daB die Diagonalglic. 50, ((lie T-Wcrte zeigen Ilberhaupt keine Anderung)
der der Kraft konstanten-NMatrix ab inii auf jcden atifweise, wsbicnrraitshnEneiz
Fall zu lioch erlialten werden, hiBt sich mit ciniem der Mef~gunauigkcit, durchaus tragbar ist (irigens
ejnfaelaen Sat z von Sehwingungsfrequenzen mtiter ueiclien auch die Diagonal -Kraft konstanten ffir
Festhaltung aller Nichtdiagonalglieder cine Nach. diese 1iisungen umn nicht mechr al., 5% von denen in

iteration durchftihfren, dlie die Diagonal- Kraft kon. Tab. I ab). Trotzdem i bernehnien mwir fur B, und
stanten den exIpcrimentellen Werten anpaBt. Dieses B2 die in [131 aus den Isotopenverschiebungen er-
Kraftfeld ist fiir A, in Tab). III wiedergegeben. mittelten Kraft kon-tanten und nebmtten an, daf3

Einen Hinweis auf die Qualitdt der erlialtriten (liv fur F67 und F89 bcobaclhteten 1.nterschiede auch
1Wechselwirkungskonstanten liefern neben frilheren fOr die Kopplungsglieder in Ai deni Ralimn (dcr zu
Erf~arurign 122-251 auch die Ergebnisse ffir B, erwartenden Giauigkeit aus der ab initio-Rech-
und B2 (vgl. Tab. I1! mit Tab. 1). Sie zeigen. daO die nung allstckcfl.
texperimientull bestimmten Koppl tn gskonstanten Vergieicht man die Ergelluisse ftir diese Hasse,
F'67 bzN%. Fg, von der ab initio-Rechnung in Vor- so1 ist festztzstellen, dM3i[ die dureb Iterat ion tinter
z/eiell(*n und Grof8enordnunrg richtig wic-dergegehen EmInbeziehilog auch der Zent ri fugaldehinlingskon.

wt-rrln, aber im Absolutwert Abu vichiingen zeigeil. stantc1ti elxten1,6Lsung (Tat). 1) idlerlialipt nicht
Uncruartut ist angcsichts des gleiclict W~eeliselwir- den ab inll io-Werteii eritspricht . Bei (icr ntir ans den
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W. Sawodiny et at. Das Kraftfold von SF4  1141

Isotopenverschiebungen abigeschiitzten Lbsung [13] dlaL T-, nvgativ %%ird. lici der Untersue-huiig, %e.'
sind zuinindest die Konstanten F 14 und F34 &hnilich, chen EinfluJ dit- Nilitdiatgonalglieder virizeln auf dlie
die auch in) ah initio-Feld die grif~ten Werte besit. Mefldaten lialen. zeigte situ, daLI dieser lxi F23 und

zen (die dritte derartige Konstante F12 besclireibit F2 auBerordent litli 'gering ist, fur 134 hingegen eX-

nur einen Potentialeffekt, (ter durcli die Isotopen. treni stark: sclwii eine Anderuing unter 61.01 indyn. A
verschiehung iit erfal3t Nverdlen kanii, da dlas zu- verschiebt r.v erheblich, jedwoh werden gleich-
gehi6rige (G12 0 ist). Trotz der Ab~~aichungen der zeitig V5, .11.3 und .1 KO sehr in negativem Sinine
fibrigen Nichtdiagonalglieder zeigen die Diagonal- beeinfluBt. daB dieser Effekt, kaui geniutzt werden
kraftkonstanten eine erstaunlich gute C.bereinstim- kanit. Eine Verkleineruiig %,on F 2 , 1)4 undt eine
mung. emn Hinweis, daf3 diese Kopplungskonstan- Vergr6lierung von 1. 1 irken heZUglich T-~yy in ter
ten wohil nur von geringem EiifluB auf sie sind. gemiinschiten 1{iclitung. %kiin auch niclit stark. Sie

Betrachtet nait die Wiedergahe der experimen- wurden dahier alle ulrei gt-Iliinsam geauidert, urn
tellt'n Daten durch dlas nachiterierte ab initio-Feld sich nieht not ejoer Grole alizuwevit voin ab initio-
fuir A, (in Komoinationin it (den experiintell er- Wetrt zu entft'rien. Tab. I II zt-igt 4 solelie Kraft-
mittelten Kraft koiistaznten ftir Bi und B32 ), so wer- felder (Moditizierungeii a-d), hei denen dii' Nicht.
den die I sotopeiiverschiebungen gut reproduziert, diagonalglieder geinaB( diesei Erfahirungen festge-
die T-WtVe zeigen hingegen noch gr6ilere IDiskre- legt wurden. Siv relpro(Iuzieren alle 1)ateni etwa
pate/en ails hei der I terntion naili r, Ar tiid T ge- gleich gut. Aif (lit 1)iagoifiilki-aftkoflstantel liaben
jnin'1ii1. D~a aber die r's wegen anharnioniselier diese Anderungen kaumi EintluS, und mian kann
Efftkite %%eIniger zux-trlaissig ind und zudem noch wohil davon ausgthien. daB dit- korrc-ktt Losung fiji
ini Gegensatz zu den Isotopenverschiebungeii cmne die Rasse A, de-s SF, tatsAchlich in die-amn eng urii.
wesentlich geringere Allgeiiauigkeit aufweisen, er- schiriebenen Bereicli liegen wird. lDaiaus ergeben
scheint dies abler traghar. ja man rnul3 sogar ver- sich ftir SI' 4  folgende Valenzkraft komst antevn
muteil. (laB das vdllig andere Kraffcld hei der Ite- fr(S-F1 q) ==5,36 idylflA (frr 0,19 rndyn 'A):
ration nach allen experirnentellen Daten gerade fn(S-F..) =-- 3.2 % mdpi. (fuiR 0.43 mmlvii A). D)ie
durch das Beniihen urn eole Angleichung der T- inittleren Sehw%%ingungasampillitt(Ini lxi 298 K fi-
Werte, die aber trotzdein nur bei -r.. und T, all diese L,6sungen betragtn (in A. in Kiamimern
innerhaib der angegebenen [12l Fehlvrgrenze er- experimentelle Werte [14]): 0,x:((048 (0.047
reicht uird, verursachit ist. Beimi ab initio-Feld wer- 0,005); SF : 0,041 (0,0141 -. ((,(15): F,,Feq: 0.074
dein ffr alle r's 'to niedrige XWerte erhialten, T, (0.068 -f 0,01); FaxF~q: 0.069) (().Of)- - 0.()(15):
k6ninte aber dureb eine Erniedrigung von r5 (A2) F. F. : 0,060 (0,059 : 0.01) and entsprechien so
angeglichien wverden (for r5 - 400 (-inl- 1: T, s den Werten. die auchi mit demi Krafiftl in (131 er-

-14.8 NlHz). Jedoch zeigt, sich bei flirm fuir das hialten wurden. Auch Eigenvektoren uind Potential-
thtiifalls im Suminienausdruck T,' veil, rgeilen eiiergieverteiltiiig st inunien weitgeltend mit den Er.
T.,, sogar cmn positiver Wert , was nicht inoglieli gelmissen v'on [13) iberein. insloesond-re %%as die
ist. Es ist also~ zurnindest erforderlieli. die Nichit. x-dlige Misellong der Symmctritkoordinateii S3 unti
diagonalglieder des ab initio-I'eldes so 'to variieren. S4 in den Scehwingungen 03 und 1-4 anbetrifft.
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APPENDIX I

& PimnPi,. 11I' 140 PI~k ... . in flM

Vibrational spectra of '3NF,4 AsF., and general valence force field of NF,

Rltcdtge. -% IDi~ision it Rocklwcl 11IJIrten1ti'J1. (411g.1 Palk ( A9 11 514 1 Si

I Re, eited I Mart h 1'' in ret ised fiorim it fa, %5I hI IP

Abstract- Sample% of "N1-,AsF,, and ', '5 \, .%etc prepared blo gw-teutipcriluic u pt.
and their * ibratiional spectra %etc reciorded I he iihCI% %~ PC1ti . are in aitruenicit ' %iih i)

'n for aIn\t. rd site %\niitic, of ts, .itd ( ,t.'i NI-' anid AA., rcspc,1iscl thle I4 N- N isol1ll1k shifts %ere used it) coinpulc a generail salen~c fr,c field lfm N1

INTRoDUCntiO actual spectra are not shown [ he ohficd Ire

Since the first report [ 1, 2] on the existence of qiuecies. "N-i"N isotopi. shifts antd assignments
NF, salts numerous pap~ers [3-251 dealing with are summarized in Table 1I

NF; chemistry have been published. The vibra- Although the assignments gisen fit 'able I were
tional spectrum of NI-., is well knowtn 15. 7-9, made for simplicity for tetrahedral Nil and oc-
13-15, 17-191, and its force field has been corn- iihedral AsFe. the observed splltttgso if e degen-
puted [5.,71. However, the earlier work permitted crate modes and deviations from the 1, and Q,
only computation of an approximate force field, selection rules indicate that the actual site \smnmt-
since the F 2 block has tsso fundamentals and three ties of the NF' and AsF,. ions nmust be lower than
symmetry force constants. In view of the general ,ad0.repcil.Unrutal.thest
interest in the NF, cation. the computation of a crystal structure of NF,..sf-. is unknown. hirweser.
general valence force field was highly desirable. In based on its reported X-ray powder diffration data
addition, it was hoped that the vibrational spectra [4]. NF.AsF, appears to be isotypic with P('IPClI,,
might allow the determination of the space group which belongs to space group P41n (C_ Nit. 851
of NF4 Asi . [29, 31.] In this space group, the NF, cation would

occupy sites of symmetry S.. As can be seen from
compartson of Tables I and 2. the obsersed NF4'

EXPERIMENTAL bands agree well with the predictions for S, sitecThe samples of '4 NF,AsF. and isNFAsF, were pre- symmetry, but not with those for 0. or IJ ,,. Simi
pared by low-temperature u.s -photolysis of mixtures of larly. the deviations from the 0, Selection rules'.
F,. AsF., and "NF, hr isNF, respectisely. in a quartz obevdfrAF aecmptlewhasieN -
reactor, using a previously described method 1151. The obeedfrAF.aecm tilwthase's-5NIF1 starting ma~terial was prepared by glow-discharge metry of C, (see Table 3). but not with D-,.,. .
of 'N, 199~1, "N. Stohler Isotope Chemnicalsi and F. D0. or S,. Based on these results, alternate probable
(Rocketdyflel. as pieviously described [261. Volatile nta- space groups, such as P4mnmm. P?4,.n. P4,22.
terials were handled in a stainless steel Teijon-FFP sac- P42Immc, P4/mnc P4 2/innm or 1?41,t cait be ruled
aum system and sotlids in ihe dry nitrogen atmosphere otf

out.
a glos i box.

The ir. spectra were recorded on a Perkin-Elmer Since the A, and E block of tetrahedral NF,
Mtodel 283 spectrophotometer as dry powders pressed contain only one fundamental vibration each, the
between AgCI disks in a Wills mini press. The spec- values of the corresponding symmetry force coit-
trometer was calibrated by comparison with standard gas stants are uniquely determined. For the F, block
calibration points 127. 291 The Raman spectra were re-
corded on Spex Ramalog and ('ar% Model 83 spc which contains one stretching and oite deformation
trophotometers, using the 48801 A exciting line and quart? mode, additional data, such as i"N-iN isotopic
tubes as sample conttainers. r'he reported frequencies aind shifts, are needed to allow the calculation of unique
isotopic shifts are beliesed to be atccurdicte i I aitd values for the three symmetry force contstan,.

± 111 c , espetisl%.In solid NI-,AsF, the F. modes oif NF,' arc split
under S. site sy~mmetry Ito tine H and one doitbl%

RESULTS AND DISCUSSION degenerate E mode. Since the isotopic shifts of
The sample of iSNIF.As . was of high isotopic both modes are very similar isee Table 21. 'weight-

purity and its vibrational spectra did not exhibit any ing of the shifts can be neglected andi a sinmple
detectable bands due to the i"N isottope. To deter- average was used. It should be poitnted out ho%%cer
mine the i4aN-"N isotopic shifts. the corresponditng that in certain NF, salts. such as NF,I3F, 1311. the
taN salt was prepared and studied by Vibrationtal iaN-"N isotopic shifts of the vilF. i components
spectroscopy under identical conditions. Since the can differ by as much as 8 cm '. thus requiring
"~N salt spectra were identical to those previously reliable nmode assigntmetnts.
published for the i"N salt [I51. except for the As, expected from their G ntatrix elements, the
isotopic shifts observed for v, andi iv, of NF . the 'aN-iN isototpic shifts of iiA und il(F %-Iere

I-Al
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Table 1. Vibrational spectra of '4 NFAsF, and '8NIAF,,

'AFAs NF4lAsl , Assignments (point group)*
ir. Raman i.r. Ramin NIK;('I- AsF,,(O,,) A 1'4N-1"N

2360 vvw) 2 310 :v wl t 1 A
2310vw J2253 Aw IJ,,A +EiF

2012shl 1 984 sh')1997 w J1969 w JV
1 780 sh76 1732 vw P &,(A, + Et+IF2) 29.2, 1.8
1760sI

1 453 1451

1398 vW139 Sv

1221.9 mw 1218.2 mw 2 &'4(A I +E F ) 1. 85

111525 v(0. 1~ 6) 115 s 1r112 3.4 (0.6) 29.51

1 056 sh) I I054sh 1,2+vl-,,F
1052 vwJ 1050 vw j-t.lF ,

882(0.-) 882(0+) 2 v 2(A iA 2 E)

82%w 848.2 (7.3) 86w 848.2 (7.3) PI(A 1) P .F.+F.

7 10.0 vs, br 704.5 (1.5) 7 10s, br 704.5 (l.5) "3(F3 )

685 sl 685.4(10) 685 sh 085.4(10) v A,
h 13.3 s 613.3(2.6) 611-5s 611.4 (2.6)1 1.8, 1.9 18 .
609.0s 609.0 (5.2) 607.3s 607.2 (5.2)j .'4 (F2 ) V2(Eg) 1.7, 1.81180.
579 w 578.30(.2) 579 w 578.3 (1.2)

445.0(1.9) 444.9 (1.9) 1 (E 0± 0.1
441.6 (2.0) 441.(.) i'(E

395s 395s 4F.
369.6(3.6) 369.6 (3.6) Y5dF2g)

* The site symmetry of NF and AsF.- int NF4 AsF6 is S4 and CA, respectively (see text). However, since reliable

assignments for the nearly degenerate vibrations cannot be made for S4 and C4 , the observed spectra were assigned in
point group Td and 03,. respectively.

Table 2. Correlation table for the internal vibrations of NF in NF4 AsF6 for space group P4/n and

Point group Site group Z2Factor group
Td 4 (' Assignment

A3 3- Raman '

A, Ramian* A - Raman vNF

A - Raman'
A - Raman J- B.

E Raman ~B- Raa- . F

Ranian ~~B i~r. Raman ~~Z ijjA r

B,3  Raman
B i -. Raman1

A. i.r.-

F2 i.r. Raman iF.RmnE - Raman &'.,NF;

B i.r. Raman I

F2 ~ ~ ir.. RamnanNF

i~r iam a RaR 
amn

F~E, iir r.m

*Spectral activity.

1-2



Vibrational spectra of 'NF 4 AsF,, and general valence force field of NI 923

'Fable 3. Correlation table for the internal vibrations of AsI in NPAsFo or space group P4/n and
Z- 2

Point group Site group Factor group
0, (44 ( ". Assigrment

A - Raman A ir. Raman A , a,,,,As-

A,, ir. -

Rman i A, -A Raman'
A i.Rra~A ,, i. r.

EB - Raman ,mAF-

B - Ramana
n

R an

B - Raman 1
F, i.r.- < i,,

E iRr. Raman

B - Raman .B Raman'

E i.r. Rama~n E,-Raa

B -Raman

F,, -Raman B,,- -

E i.r. Raman 
- E

, - Raman

FE. .r. -

B - Raman Raan

V.E .r. Raman ... ER - R-amanJ

~~E i.r. -/B- -

F. --- Eg - Raman 65'AsF.

found to be zero within experimental error. Those shifts of v, and v4 were computed as a function of
of v3(F,) and v4(F 2) were measured to be 29.25-!- the interaction constant F 4 by trial and error and
0.25 and 1.8±0.1 cm ', respectively. These values by the use of the expressions previously reported
were supported by preliminary measurements on [321 for the calculation of extremal force constant
1
4NF 4 BF4 and '-NF 4BF4 [311 which shows very solutions. The results of these calculations are

similar averaged isotopic shifts for vj and v4. shown in Fig. 1. The observed '4N-N isotopic
For the computation of the general valence force shifts were 'used to graphically select the correct F,

field of NF; the frequencies and isotopic shifts block force field. The isotopic shift of v, was pre-
listed in Table 4 were used. For the F2 block, the ferred because, due to its smallness, anharmonicity
possible raiges of the two diagonal symmetry force corrections should be unimportant [331.
constants F,, and F4, and the '4 N-' 5 N isotopic Since the slopes of the Atvj and Arv4 vs F, plots
Table 4. Frequency values, I'N-'IN isotopic shifts (cm I) general valence force field* and potential energy distribu-

tion for NF'

,1
4 NF, ''1 NF; A v Symmetry force constants PED

A, vI 848.2 848.2 0 F,, = + 3f,, -8.053
E v 2  443.3 443.3 0 F22 = f, - 2f., f,,.., 0.733
F2  v. 1158.95 1129.7 29.25 ± (.25 F,, = f, - f,, 5.52 ± 0.(08 96F, + 43F, - 39F,,

v4  611.15 609.35 1.8±0.1 F44 =f - fI,,., = 1.()± 0.02 15F, + 67F41. + 1 8F4
F 4 = ,2(f,. f,. = (0 .73 ± 0.03
,= 6.153±t0.1

(,, 0.633 :r 0.03

• Stretching, bending and stretch-bend interaction force constants have units of mdyni,-. w yn/A radian, and

mdyn/A radian, respectively. .4

la(3) If, I
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Synthesis and Properties of NF 4+SO3F-
KARL 0. CHRISTE,* RICHARD D. WILSON, and CARL J. SCHACK

Received February 5, 1980

The novel salt NF 4*SO3F was prepared by metathcsis between NF 4SbF and CsSO 3F in anhydrous HF solution at -78
QC. In HF solution, it is stable at room temperature. Removal of the solvent produces a white solid which is stable at
0 *C but slowly decomposes at +10 0C to produce FOSO 2F and NF 3 in high yield. The ionic nature of the compound,
both in the solid state and in HF solution, was established by Raman and 9F NMR spectroscopy. Cesium sulfate was
found to react with anhydrous HF, producing CsSO 3F as the major product. Similarly, CsPO2 F2, the Raman spectrum
of which is reported, was found to react with HF to give CsPF6 in quantitative yield.

Introduction a surprisingly large number of anions to form stable or met-
astable salts. Anions capable of NF 4' salt formation includeAmong oxidizers, the NF4  cation is unique. In spite of

being one of the most powerful oxidi/ers known, it possesses (I) ('hr-, e. K. 0.; Wilson, R. D.; Goldberg. I. B. Inorg. Chem. 1979. 18.
high kinetic stability,' thereby permitting its combination with 2572.
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Syinthesis and Properties of N F,*SOiI: Inorganic (henistrY. Vol. N. No,. /0. 1980 3047

BF 4 2 XF, (X =Ge. Ti. Sni). 9 " X F, (X = P. As, Sb.
Bi,,,-!1 XF, 2 (X = 6e. Sn., Ti, Ni. Mn).9  

C10O 4 22 tit sotl u IOUN

HF, 22 and several perfluoro polyanions.'-'"-'9 Recent studies
have shown that NF 4* salts of oxygen-containing anions are 1108/
of particular interest because hypofluorites such as 01F,0F2' ?

or F0C10 3
2 can be formed during their thermal decompo-

sition. I'll, 400

In this paper we report results on the possible synthesis oft Iu~ Ibb' ,~,,
salts derived from sulfur or phosphorus oxyfluorides. We are ,-

aware tf only one unpublished study' in this area, tin which
the evolution of some FOSOF from either an NF4SbF. 1- I*si

OSOF solution at 78 *C or a supposedly dry mixture of So I 450

NF4SbF,, and LiSO1F at room temperature was interpreted'
as evidence that NF4SOF. if it exists, is unstable even at 78N 41',

*C. In view of the relative stability of N FC10 4
2  and the 144

similarity between CIO, and isoclectronic SO3F and PO,F2 ,z
the isolation of NF4S0 1[' and \F 4VP02 f:, seemed possible.

Experimental Section W0.

M1aterials and Apparatus. The equipment, handling techniques. Itoib

and spectrometers used in this stud% have previously been described."2 I

Literature methods %ere used for the synthesis of NF 4Sbf 't,.' ('t0- so f

SOF 24 and Il0POI<. ' The (P0w Fwas prepared by the addition i
of Cs.COto a 0% excess of HOPOF fIroten at 196 0C. The

mixture was allowed to react ,tt room temperature with agitation, and Ij,8 If
the volatile products and excess HOPOF, were pumped off at 40 'C 119

for 1 2 h. On the basis of observed material balance and vibrational 1218 s

spectra. the solid residue consisted of CsPOF 2 of high purity. The 06

CS.S0 4 was obtained from aqueous CsCO, and H.SO, by using a 1400 1200 7000 800 600 400 200 0

pOt electrode for end point (pirt 3.86) detection. The solution was fREOUENCY

taken to dryness and dried in an oven at 100 *C for 24 h. The CsSO3F Figure 1. Raman spectra of N F,*SOF upper trace. H F solution
was prepared by allow ing ( NCI t110.3 mnioll and CIOSO2F (15.5 at 25 'C: middle trace, neat solid at -100 'C. (Weak bands due to
mmol) to react in a l0-ml- stainless-steel cdlinder at ambient tem- the sample tubes and small amounts of CsSbF. were substracted from
perature for several days. Al %olatile material was removed from the spectra.); bottom trace, solid CsSO 1F at 25 *C. The spectra were
the eslinder. and tlte solid product was pumped on overnight. The recorded with spectral slit widths of 8, 6. and 4 cm'1. respectively.
vteight of the solid (2.43 g vs. 2.40 g theoretical) together with its
infrared and Raman spectra confirmed the completeness of the reaction Table 1. Rarnan Specira of NF-,SO, I and CsSO, F
and the identity of the product. obsd freq, cm-' (ret intense)

Preparation and Properties of NF4"SOF . The compatibiliti of assignt
N F, So, 1: CsSOJF NFl* so, 1:

(2) (i00tshel. ( T' Campanile. V A. (aris. R. M.: I oos, K. R.. Wagner. H1277 old si (0.7) 1278tO7
C, D). Wilson, J. N Inorg. (he,,. 1972. /1. 1696. 17 0*7 2807

31 rotberg, W'. F:.. Retwick. R. T.; Zeilenga. G. V4 Dolder .10. P.. Flt, M. 1267 (0.41 4(

E.. private commnlcitioi 165 (-) 16 13
4) Sinet'nikov. S. M.; Rosolovskii. %. Ya IvAI .4kad %aouk SSSR 1970. 1152 (11.8)

194 ! 34 1087trn i; (6-7).ka p 1668103) 1076(10) (A,)

(5) ishra. N, P.;S,mu Nefe.v % R4 Cin'ie% K. 0 Wloia.Nu 853 110. p 8563(2.5) 560 (2.2
Wagn e. Ahi. 193. 'h,n 1475. 4 2h 5 4 ,E

16) ('hriste. I. 0 Schack. C. .1.; Wilson. R. D .Inuorg hem 1976. 7 495 (2.5) 4069(3.8)(A

27X, 57 (12 540(.3) 3962(3.) v(E)

(t0) Chri..ie. K. 0. Schak. C J1 /Iorg. ('h,'m. 1977, /6, 353 10(-) 36 .
411) Ithristc. K. 0 Se~hack. C. J.. Wilson. R. D. mno8.('her 1977.1(6. 849. Uncorrected Raman intensities.
(12) ( hrisie. K 0.. Guertin. J1. P.; Pavtath. A. E. Inog .% .ut . C/tern. Left

1966. 2. 10,
(13) 'T'dberg. Vi E.; Rewick. R T.: Stringharn. R. S-. Hill. MI U~ Inoeg. the S03F anion with H F was established by dissolving CsSO 3F in

.%utI ('hem Left. 1966, 2. 79 dry HFP and recording the Raman spectra of the starting material.
(14) Guertin, . P ;Christc. K. 0. Pavtath. A 1: Isorg. (hen. 1966. 5,1921, of the H F solution, and of the solid residue recovered after removal
(15) Titbcrg. W. F.. Rewick. R T.. Stringham., R. S.; Hill. M. U. Inorg. of the solvent. All spectra showed the bands characteristic2' for SO 3F>

('hem 1%67. 6. 1156.
(161 ( tiristc. K. 0.. Wilson. R. D.; Schiack. C. J, Inoeg. Chem, 1977. /6. 937 The "F NMR spectrum of the HF solution was also recorded and
I I")j ( hrisic. K 0. (Guertin. J P.. Pavtath. A F.. Sawodny, W. Inorg. (hem, consisted of a singlet at 0 -33.8 (downfield from external CFCI,) for

V-41967.6*. 533 SO,F and a relatively narrow H-1F solvent peak at o 191.
(IS) ( hrstc. K. 0.. Pilipovich. D Inorg. (heni 1971. 10. 2803 In a typical preparation of NF4SOF. NF4SbF,, (3.145 mmol). and

/)1Chi. K7.in , Shc. i ~urn(hm 98 CsSOIF (3.146 mmol) were combined in a previously described2

(20) Christe. K 0. Inoeg ('hem. 1977.I /6, 2 2 3.. Teflon metathesis apparatus. Dry HF 22 (3 ml- of liquid) was added,
(211 C hriste. K 0.. Wilson, W. W'. unpublished resuti.s. and the resulting mixture was stirred at ambient temperature for 3
(22) Christe, K. 0.. Wilson. W. W., Wilson, R. D. Inoeg. (hern. 191(4). 19. h with a magnetic stirring bar, followed by cooling to -78 *C and

494
(231 ('tristc. K. 0., Wilson, R. D. Inorg. .Vucl. ('hem. Left 1979,. 1 75.

( 24) Schackc. C. 3.; Wilson, R. D tnorg. ('hen, 1970, 9. A]) (26N Ruoff. N\ . Milne. .1 Bi. Kaiutiminn. Gi . I cro). M. Z .4norg. .411g.
(25) Bernstein. P A.. Hohorsi. 12 A.; Fisenbtrg. NI . JsMaricau. () 1) ('he',i 1970. .?'72. 1)IQ

Inoeg. ('hem. 1971. 10, 1549 (21) 1 r.,n,. (I . Neunia~r 1: Inorg ('he',, 1964, 3, 92).
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Table Ii. Vibrational Spectra of Solid CsPO I., and Their Assignments Compared lu Those of SOI,,
obsd freq, cm-' (rel intens)

CsPOF 
a  SO:I>.b

Raman IR Ransan IR assignt 1(C.) appro. descripin ol mode

1143(10) 1142 vs 1270 vs 1270 vs A, v, sym PO, str
813 (3.7) 825 vs 848 vs 848 vs V syin PIt, sir
512 (6) 520 sh Ss2 in 553 sV 6 sLissuring P0,
370 sh 370 miw 384 i 3H4 ss
353 (5.7) 351 iiw 4 scissoring Pl

1384 1ISl' A, v,
1318(04) 1325 vs. 1504 w 1503 vs B. asym PO sitr
501 (2) 494s 539 ni 540 s c, 6 rock P1
830510)1.2) 8250 vs 888 % 886 vs B, V. asyni PI., strd

501 (2) 508S 544 m 544s s 6 rock PO.

Data front this study: uncorrected Raman intensities; since v and v, have very sunilar frequencies and intensities. their assignments arc
tentative. b Data from ref 36-38. C Iro microwave data. '_ d in lerni resonance with v. + v,(B,) 854 cm '.

filtration at this temperature The 1I: solvent was pumped off from CsSOF by low-temperature metathesis in anhydrous HIF
the filtrate at -30 'C for 3 h. leaving behind a white solid residue solution according to eq I. The NFSO1 F salt can be isolated
The thermal stability of this residue was established bx incremental H1
warm-up of the solid in a dynamic vacuum and by trapping. measuring NF4SbF + CsSO 3F - CsSbF5, + NF 4SO 3F (I
(PVT). and identifying (infrared spectroscopy) the volatile decom-

position products. Up to 0 *C. only HF and small amounts of N F, as a white solid which is stable at 0 'C but slowly decomposes
were collected, indicating the possible presence of small amounts of at + 10* to produce N F3 and FOSO2F in high yield according
unstable NF 4 HF.HF 2 in the product. At temperatures of 9 IC or to eq 2. Its HF solution appears to be stable at ambient
higher, significant decomposition of the solid was observed, producing
equimolar amounts of NF) and FOSO2 F. When we allow for about NF4SO3F - NF3 + FOSO,F (2)
20% of the product solution to be retained, as generally seems to be temperature. The thermal stability of NF 4 SO3F is very similar
the case with similar metathetical reactions,2 by the filter cake and to that22 of NF 4 CIO4 . This is not surprising since SO)F and
to be lost during solvent pump-off, the yield-of NF 3 and FOSOF was
essentially quantitative. The filter cake (1.0 g, weight calculated for CIO 4 are isoelectronic and chemically very similar. This

3.15 mmol of CsSbFb = 1.16 g) was shown by vibrational spectroscopy chemical similarity is also demonstrated by their decomposition

to be CsSbF62 and did not show any detectable impurities, modes, which in both cases produce the corresponding hypo-
Caution! FOSO 2 F has been reported2sw to have explosive prop- fluorites in high yield.

erties. The compound should therefore be handled with appropriate The decomposition of NF 4 +SO3F represents a new, high-
safety precautions. yield, convenient synthesis of FOSOF. The previously re-

For the spectroscopic identification of NF 4SO3 F. reactions were ported methods for the preparation of FOSOF involved either
carried out on a l-mmol scale in a previously described"" manner, the fluorination of SO33." or S,OF2. ' NF 4SO3 F is the third
The 'F NMR spectrum of a solution of NF 4+SO1F in lilat .-30 known example of an NF4' salt of an oxyanion producing onFC showed the signals characteristic for NF 4

+ (triplet of equal intensity thermal decomposition the corresponding hypofluorite. The
at -215 ith JNF = 226 H z and a line width of less than 3 Hz). 5  therm  tw o m o n m e are sn d n d NF4I F4. .T h

SOIF (singlet at 0 -33.5), and HF (broad singlet at 'p 193). No other two known examples are NF4CIO422 and NF,.F,-2
3

evidence for the presence of FOSO 2F" was observed. The Raman This indicates that the thermal decomposition of unstable NF 4
+

spectra of the HF solution at 25 *C and of solid NF 4SO,F at 100 salts of oxyanions may be a general method for the synthesis
°C were also recorded and are shown in Figure I. The spectra showed of hypofluorites.
the presence of only small amounts of CsSbF,2" indicating a purity The ionic nature of NF 4SO3 F. both in the solid state and
of NF 4 SOIF in excess of 90 wt %. in agreement with the observed in HF solution, was verified by Raman and 5 F NMR spec-
material balance. Raman and F NMR spectra of HF solutions of troscopy. The Raman spectra are shown in Figure I and
Nf:,SOF, which were kept at 25 OC for several days, showed no demonstrate the presence of the bands characteristic for
evidence of FOSO 2F formation. N F4+ 9,22 and SO3F-.'6 The observed frequencies and their

Reaction of CsSO4 with HF. The Cs2S0 4 salt was found to be
highly soluble in H F. Raman spectra of these solutions and of the assignments are summarized in Table I. The SOIF bands

solid residue obtained after the solvent removal showed the complete in NF 4SO 3F are very similar to those observed for CsSO 3F
absence of the SO4

2 anion" and the presence of the SOF anion,2  (see Figure I). The minor frequency shift observed for the
The presence of the SO3 F- anion in the HIF solution was confirmed SF stretching mode is not surprising in view of a previous
by i"F NMR spectroscopy which showed a strong singlet at 0 33.8. infrared study of the alkali metal salts which showed that the
characteristic for SOF . frequency of this fundamental strongly depends on the nature

Reaction of CsPOF 2 with HF. A sample of CsPO,F. (2.1 retool) of the cation and varied from 812 cm 'in LiSO3 F to 715 cm
was treated with anhydrous HF (3 ml. of liquid) for 12 h at 25 *C. in Cs O 3F.2' The observed splitting of some of the modes of
The white solid residue, left behind after removal of the solvent, was both the N F4

+ cation and the SF anion into their degen-
identified by its infrared and Raman spectrum as CsPF. 2' (2.1 mmol) ohteN, ainadte 0Fainit hi lgn
idntiied yitsinrared andconnectrmuas of P, (1 ncrate components is easily explained by solid-state effects and
and did not contain detectable amounts Of P0 2F has also been observed for N F4 +C(.104 22

Results and Discussion The F NMR spectrum of NF 4 *SO3 F in HF solution

The novel salt NF 4 +SO)F was prepared from NF 4SbF, and showed a triplet of equal intensity at 0 -215 with JNF = 226
Hz and a line width of less than 3 Hz. characteristic' for NF +,

a singlet at 0 -33.5, characteristic for SO . F , and the char-(28) Siebert, If. "Anwendungen der St.hwi gungsspeklro,kopie in der
Anorganischen Chemie" Springer-Verlag: Berlin. 19 ;, Vl VII

(29) Lustig. M.; Shreeve. J M.4di Fluorine (hem,. 1973. 7. 175 (34) Dudley. F B.; Cady. G. H: Eggers. D. F. J. Am ('hem. Soc. 19%, 78,
(30) Cady, G. H.. Intra-Sci. Chem Rep. 1971. 5, I 290 Dudley. J F : Cad,, G H. ibid. 199. 8 .4166
(31) Thompson. R C. Reed. W Inorg .uI (hem Leff 196... 58l (.15) Reference 78. cited by: I usm ig, %f.. Shreeve. J. M. .4dr Fluorine Chem
(32) Buehler. K; Bues. W. / .4nrg .411g (hem. 191. 308. 62 1973. 7. 175
(33) Addou. A.. Vast. P. J Fluorine (hem 1979. 14, 13 36f Roberts, .1 F Cads. G It. J 4m (hem So, 1959. X,/ 4166
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1143 CSPOF2  Although vibrational spectra have been reported " 1 for thePO 2F2 anion, the previous assignment of several fundamentals
is open to question. Figure Z and Table II summarize the

512 3 vibrational spectra of CsPO,F 2, obtained in our study. The
I 110 given assignment was made by analogy with that of isoelec-
I tronic SO,F, which is well established. 7  Whereas, the,813L splitting of ,,(B,) can easily be explained by Fermi resonance

-83 01 with (v4 + i, )( H), the reason for the observed splitting of J'4
851 is less obvious. The possibility of one of the components

assigned to V4 actually being due to the Pj(A2) torsional mode
cannot be ruled out but is unlikely due to the facts that this

1400 1200 1000 800 600 400 200 mode should be infrared inactive under (a selection rules and
FREQUENCY. cm 1 usually is of such low intensity in the Raman spectra that it

Figure 2. Raman spectrum of solid CsPOI, recorded at 25 °C with is very difficult to observe.
a spectral slit width of 5 cm '. In summary, the present study shows that within the iso-

electronic series dO 4 , SO 3F , PO,F 2 , S042 . the first two
acteristic H F signal at (P 193. The assignment of the 0 -33 anions are capable of forming N F4' salts of moderate stability
signal to SOIF was '-erified by recording the spectrum of which can decompose to NF 3 and the corresponding hypo-
CsSO 3F in HF under the same conditions. fluorites. The syntheses of NF 4PO2F, and (NF 4)2SO 4 by

In view of the above-mentioned usefulness of NF 4' salts of metathesis in HF were prevented by the reaction of PO2F2-
oxyanions for the preparation of novel hypofluorites, it ap- and SO4 with the solvent to yield PF6 and SO3F, respec-
peared interesting to attempt the syntheses of (NF4),SO 4 and tively.
NF4PO 2F,. The thermal decomposition of these two hypo- Acknowledgment. The authors thank Drs. L. R. Grant and
thetical salts would offer an opportunity to prepare the yet W. W. Wilson for helpful discussions and the Office of Naval
unknown hypofluorites SO(OF), and POF,(OF). However. Research, Power Branch. and the Army Research Office for
both the SO4' and PO,F, anions were found to interact with financial support of this work.
anhydrous HF according to eq 3 and 4. Attempts to prepare Registry No. NF4+SO3F. 74096-76-7; CsSO3F, 13530-70-6;

SO 4 2 + 3HF -- SOF + H,O + HF, (3) CsPO 2F2, 17117-59-8; NF 4SbF,. 16871-76-4: NF3. 7783-54-2;
FOSO2F, 13536-85-1" CsS0 4. 10294-54-9: CsPF,, 16893-41-7.

PO.F, + 4HF - PF,- + 2H20 (4)

POF,(OF) by fluorination of HOPOF2 with atomic fluorine, (37) Lide. D. R.: Mann, D. E.: Comeford. J. J. Spectrochim Acta 1965, 21.
generated by the controlled decomposition of NF 4H F2.nH F," 497 and references cited therein.
were also unsuccessful. The main products were NF PFb9 and (38) Sportouch. S.; Clark, R. J. H.; Gaufres. R. J. Raman Spectrosc. 1974.

an unidentified nonvolatile phosphorus oxyfluoride. (39) Nolin. C.: Tremblay, J.: Savoie, R. J. Raman Spectrosc. 1974, 2, 71.
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Synthesis and Characterization of (N F4) 2N~nF6

K 0. 4L IRISI [. WItlIAM \& \kILSON. and RKi HIARD ) Ilk If ISON

Receite M Sarch 'S, IV80

the sy nthesis of novel NU,* salt, cotttning doublis or triply charged Wd transition- metal fluoride tition. w a studited I he
new compound )NI-41),NlnI was prepared and cltaracicrzied The combirtation of good therittal stabiat% and high actiive
fluorine content makes (NI )2%1n1, an outstandinig solid oiiidicr

Introduction added at 7N '( on the vacuum line. and the mixture was %armed
toi 25 'C for .30 min with stirring I hic mixture was cooled to 78

Due to the high-energ) kinetic stability of the 'N 1.4 cattoit. O( and pressure filtered at this teiipraiure The H I solvent was
NF 4* salts are important high-encrgs oxidizers. In order toi pumped off at 30 IC for 12 h Itic %Wie filter cake k14 g. weight
maximize the oxidizing power of' such salts, it is desirable to calculated for 37.1 tttmol of CsSbt5  IS=13' g) was shown b% Raman
combine as many N :4* cations as possible. with a given anion. spccirtiscops it) consist ninl iif (s.Sbt 5, rhc bello% filtrate residue
Furthermore, the anion should be as light as possible and also 0t 1 g. weight calculated for I hS itnlol of tN I 1%ntl, = 6 46 g)
be an oxidiz.er. Of the presently known NI, salts.2 Os- was hown by elemental anahiNito haive the tllowing oimpositton
F4)2NiFS' has the highest active Iftuorine conte~nt or oxidizing (weight I-0 [NF,):Mnl-, 'H 27, N0 SbI .4 2", ( Sbf ..4 46 1or

capaity Hoeve, is mrgial hcral tablit liitsits the eleimental anaksss a sample (if (NI ),IMnf , was hIdroli ,edc incapcit. Hwevr, tsmarina thrma sabiitylimts ts H20. the NI Iand 0, evolution %ais measured bs PIVTangs
Consquetly cotipund ha in coparble chromatography, and s., Sb. and ktn in the hsdrolssate were de-

fluorine content but possessing better thertmal stability are teuie ~aotcasrto pcrso~Aai ( aled for
highly desirable. This paper describes the. results of a sy-s- (NI j~% il ,71NI SbIj.'7[CsSbI-.j,.. N I-, IS 07,. Mn. 14.37.
temnatic study on the synthesis of N 14* salts derived fromi 3d Sb. 3A417. (s, 1.61 lound NI. 37 N. Mn. 14.5: Sb. 3.10. Cs. 1 62.
transition-metal fluorides and the successful synthesis of the C'aution' the reaction of iNI ,4(,Mn1 , with liO is extrcmel%
novel (NF4 I.Nln[. Salt, violent, and proper safetN precautions imust be used

T"he C'oll" NF4HII12 System. A suspension of Col' (231 mg, = 2
Experimental Section m~moll in a freshly prepared concentrated NFJII'F, solution- (15

mmol of NF,[iFI was stirred at 45 *C for 4 h The tan Col', did
Materials and Apparatus. The equipment, handling techniques, o pert ee.adn vdnefrtefratno aebu

and spectrometers used in this study have previously been described.'. C'oFb' was observed. The HF solvent was pumped off while the
A literature method' was used for the synthesis of NF 4SbI- For mixture was allowed to %arm slowly toward amb:rnt temperature.
the synthesis of*Cs.AInF6 , a prestiously reported method' %as slightly A hstmeaue h FIFknFudre eopsto n
modified. Anhydrous M1nC) 2 and dry Csi'. in a 1:2 mole ratio, were was also pumped off. To ensureecomplete dew.mposition of NF4 H F,
fluorinated in a Moniel cylinder at 400 *C for 36 h by using a MnCI2:,F1 we warmed the mixture to 45 *C for 4 h under a dvnamc vacuum.

nuol raio f 110. n tin.b iis o ih. osered mteral alace. The tan solid residue (230 mg) was shown by vibrational spectroscopy
eleticteiia anal~ists. X-ras diffr ction powder pattern, and viirational to be unrcacted Col',
spectra. tlic resulting yellow solid consisted of high-purity Cs2NInF6.

lie ("('uKi silt ",i, prepared by high-pressure fluorina-tion of Results and Discussion
a mixiture iif (s Aoid . Ill(I in a 2I mole ratio. T he condition, (400) In view of the marginal thermal stability of (NF4 )ZNiFi, it

previuslyrepoted. was interesting to investigate the possibility of synthesizing
However. during unsuccessful attenmpts tio piepiare CsCutK in at similar
manner, it was noticed that vecry tiild flutorination condions (flow other N F,* salts containing multiply charged anions derived
reaictir, 200)ot(j solliced ito prepare Cs ( ut'6 . this brick red coi- from higher oxidation state transitio-n-metal fluorides. It was
poiund vvts alssais formed as the nmajor product. instcaid if the pale hoped to obtain a salt which would be comparable to (N-
green k ,. ul . At the lower fltorinaition teitlecratures, the Fluori- F)iFin its active fluorine content but possess better
nation product also contained ( s( IF. The intrired p~cctrini ol thermal stability. The following anions were considered most
Cs,Cul', showed major bands at 670. 570, 45(4. anrd 4 0 i)'The prmsn:C-',NF~.CF'.MF'.CE 2

.CF

compatibility, of ('sCul vwith different solvetrits was studied. In Birl1, and MnF,-
Cs2CuF, is staible bitt hlighly insoluble, whereas in aniydriius Ill. A Itempted Syntheses of (NF 4) IMF, Salts. In a previous

it i soubl bu unergss rectio evn i 78 0C esutin inthe studN.' it was shown that the above listed triph. charged anions
formation of a brown solid. When the Cs C(uF, it F solutions wecre
warmed to room temperature. fluortine es~olutiti was observed, in undergo solvolysis in H F. Furthermore, it was found that

agremen wih a revous1cpot Cl-, deomposed with F, evolution and NiFi dispropor-
Preparation of (NI4A,%n'.. In the N:, iiii-pi.rc 11 i div bt tionated with NilFv2 formation but that for CoF6

1' the sol-
a mixture of NI-4SbFv (37.21) tiiol I and ( sMtni v ( INS t ititl was volysis ito ( Al, + 2 11 F;, could be suppressed by the addition
placed intio the bottoni of a prepassivated (with CIF',) I etlin I I' of a 10 2(1-fold excess oi fluoride ion to the solu'tion. In view
double t-tube metathecsis apparatus. Dry It"' 1210 mt of liquid) was if' these, results, a simple metathetical reaction of an MIF6'

salt itt IllF solution according to

(1t K.0 (3 hrise. K 1) Wilson. and 1 It (loldhnig. )Ivg ( iemt. 1$i. 2572 3N I 5 ,' + Cs.,,tF, 11 3CsSbF, + tI 4 ~F
it 19'794 and reterenices citedl therein.

(2) K 0 ) Chrie. k 'A Wilson. int R. D W itsvin, Inorg (hin. 149 spemte4yteuavial ovoyi fM~u.Hwvr
119HO). and ret I Isi cited thereinispemtdbthunvial ooyi fMF..Hweer

M3 K 0 ('hrisie. In-rg (hemt. 16, 2218 1 19"1I the synthesis of a CoF,1 salt might be possible in the presence
(4) K 0) (hrir.e ( J Schavki. .vnd R 1) V.1s 1 Iin, (hiet . $1. of a large c'.cess of fluori'c ion. provided the excess of fluoride

5) 0 ( inc(J h-..,] R 1) . ,v. ( h, to. 549 can be r i.% reitioved from the product. Such a method was

(1,o77)
(tit Ait tt.iriim-i.ir %k..5 i - v n ' Cli-i. Itu Id1 I igI . 12. - - __________________________

'it2 (110711 ist K. (iI A smix M, \. \h is,,. aid k, . Schasti. J Fluoripw ('hem .1
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recently discovered ' and successfully applied to the synthesis Table I. X-ray Pudei Data fur (NI .) MI Salt%
of NF 4 UFO according to IM Mi. tGe, I. Si)"

H I-

NF 4lHF, + UF40 - NF 4UF3 O + HF

NF 4JF, is thermally unstable2 and decomposes at 30 *C to
NF,, F2. and HF, which are all gases. Therefore, the [tF
solvent can be pumped off first at low temperature, followed
by decomposition and removal of the excess NF4 HF,. Ap-
plication of this method to the synthesis of (NFa)3CoFb ac-
cording to

3NF 4HF, + CoF3 - (NF,),CoF, + 3111:

was unsuccessful, and no evidence for the formation of a co-
bait-containing NF4

+ salt was obtained. Only unreacted CoF 3
was recovered.

Syntheses of (NF 4)2 MF 6 Salts. Since the MF 6
2 anions

contain one negative charge less than the MF.' ones, they are
less basic and, therefore, are less likely to undergo solvolysis Table II. ('ystallographic I)ata of NI ,MI Sailts
in the strongly acidic solvent HF. The compatibility of TiF 2  tM ]li Mn. Ni, Ge, Sn)"

and NiF,-2 with HF has previously been demonstrated3 ' 0" and tetragolal unit ,ell

led to the successful syntheses of (NF 4)2TiF,' ° and (NF 4)2- dinicn.,ons _ vI
NiF6.3 During this study the compatibility of CsCuF6 with . I I . dcnsit

HF was studied. It was found that Cs 2CuF 6 reacts, even at ........
low temperature, with HF to form a dark brown solid. At (NI 2MnIl 6.90 9.23 440 15.7 2.64
room temperature, decomposition with fluorine evolution oc- (NI,) Nil 6.83 9.27 432 15.4 2.71
curs. The compatibility of Cs2CoF6 with HF was not examined (NI ,),(.I,* 6.92 9.25 443 15.8 2 75
since Court had previously shown7 that this salt is unstable (NI,,Sn1:. 7.05 9.41 468 16.7 2.93
in HF solution. 2 Space group 14/in (No. 87; / 2. b Data Ir - rL 13.

In agreement with a previous report,7 MnFb2 was found
to be stable in HF solution. Consequently, the metathetical was completely decomposed under a dynamic vacuum at 240
reaction *C. On the basis of its weight, X-ray powder diffraction

pattern, 'and mauve color, this residue was identified as MnF3 .
2NF 4SbF 6 + Cs.2MnF6  2CsSbFd + (NF 4)2MnFo Consequently, (NF 4)2MnF, decomposes according to

was carried out which resulted in the isolation of the novel 2(NF 4)2 MnF6 - 4NF 3 + 5F2 + 2MnF 3
(NF 4),MnF, salt. Since the impurities NF 4SbF6 and CsSbF 6
are %ell characterized, no attempts were undertaken to purify A comparison with the decomposition data previosly pub-
the compound by well-estabished4 recrystallization techniques. lished3 for (NF 4)2NiF6 shows that the normal stability of

Properties of (NF 4)2MnF 6. The (NF 4)2MnF salt is a (NF 4)2MnF is significantly higher than that of (NF 4)2NiF6

yell-., crystalline solid which is highly soluble in anhydrous which in 6 h at 100 *C exhibited 9% decomposition.
HF. At 24 °C, its solubility exceeds 1.30 g/g of HF. It is Crystallographic Data. The X-ray powder diffraction
stable at room temperature, and, in the absence of fuels, it is pattern of (NF 4),MnF are listed in Table I. The pattern is
not shock sen.sitive. With water a violent reaction occurs, very similar to those of other (NF 4)2MF, salts (M = Ge. Ti.
similar to that previously reported' for (NF 4)2NiF,. By Sn. Ni) '5"0°113 indicating that these salts are isotspic. Recent
analogy with the other known NF, + salts, the hydrolysis was studies on both powdered and single-crystal (NF 4)2NiF, have
found to result in quantitative N F3 evolution and, therefore, shown that this compound crystallizes in a tetragonal form
is a usecful analytical method. The hydrolysis also produced derived from the KPtCI, structure and belongs to space group
oxygen in a NF,:O, mole ratio of 8:5 in excellent agreement 14/m. Consequently, the indexing, previously proposed for
sith the equation the (NF 4)2MF 6 salts (M = Ge, Ti, Sn. Ni).' 2

-" was revisedaccording to ref 13. The revised patterns and the crystallo-
4INl-4), MnF, + 1OH 20 graphic data are given in Tables I and II, respectively. Some

8NF3 + 502 + 20HF + 4MnF, of the additional lines, previously observed.4. 0
.1 Were found

Thermal Decomposition. At 65 *C, (NF 4)2MnF6 appears to be due to small amounts of polyanion salts such as (N-
to be stable, but at about 100 *C it starts to slowly decompose. F4)2Ge Fm or (NF4)Sn2 FO. As expected, the sue of the unit
Its decomposition rate in a sapphire reactor was monitored cell decreass from (NF.)bTiF. to (NfF4 b)NiF6 owing to the

by total pressure measurements over the temperature range transition-metal contractIon and then increases again when

100--130 *C. Except for a slightly faster rate during the first going from Ni to the main-group elements.
20 min. the decomposition pressures increased approximately NMR Spectrum. The ionic nature of (NF 4)2MnF, in tHF

solution was established by its I'F NMR spectrum which waslinearly recorded over the temperature range +20 to -75 Oat10 Itaccelerated with increasing time; however, this rate increase showed at tll temperature ran c to - 218
was quite small. At 100 °C, 0.17% of the sample decomposed showed at all temperatures a broad resonance a t  h -218
in 17 h whereas, at 130 C. 0.66% of the sample decomposedof NF The

in the same time. The gaseous decomposition products con- lack of observable NF spin-spin coupling, generally seen for
sisted of Nl-j and F, in a mole ratio of about 1:1.2. For
identification of the solid residue, a sample of (NF) 2MnF6  ll) M A Hcpv, orlh and K 11 1ack..4,a ('r, tiallogr, 10345 (1957); T

C Ithlcrt and M Ilsia. J S urine (hem 2. 13 (19721
(12) K 0 Christe. C J. Sth.,,k. .,d R 1 wison. Inorg Chem., 15, 1275

11I976is

(9) W W. Wilson and K 0. Christc. J Inorg Nucl (hem, in press (1) P Chairpn. M I ancc. T Hui lu.andR BAIuP0..!. ./ 1luorme (Ihi i.
(10) K . Christc and (. J Schack. Inorg. (hem.. 16, 353 (1977) in pres
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Table Ill. Vibrational Spectra ol Solid (NI-, (.Mnl * and ('sMniri

obsd licit. cin and ltl intens"

IR Ramnan IR Haija.. N I Ill Mill lob)

2310) v% 2v, IA *I I II
21000 w ' I
1759 vw ( ,A, I I
140(aw 5' '(I
1221 Jin% 2v', (A. I

12401 %h

1155 V.
Ilt) 10 1116% 0 sl,
1061 v%%,s
90 vw 919vu I~ IU
856 vvw 855 Inis' (A,
760 sh 745 '.11
735 sli 732 %k
b2(1 v% 620) vs i UI

593 v% 56 " 5941~ 4A,,

4 50)0 505 Ill 502 -1
450%%~ 45o5 tk

381 swk
338' 338%

3o4, 304 % V

U Incorrected Rarnan intensities. b By analogy wiht I NI ,NilI," tlii actual %ite svtsitnctrisc of NI ,and NInI l are prouabl, S. and C!11

respectively, thus explaining the observed slight devisations feorn tire selection rules for I'd an oh.

-'Y Figure I shows the infrared spectrum of (NF,)2MnF,. com-
pared to that of Cs,,MnF,. Great difficulties were encountered
in obtaining good-quality Raman spectra with the blue 4880-A
excikng line of our spectrometer due to strong lmnscece"

* CMnF 6 (ruby red red light emission). However, the principal Raman
Cs2MnF6 lines of N F4 ' 12 and MnF, " were observable even under these

conditions. The observed vibrational frequencies and their
11. assignments are summarized in Table 1ll. Since the as-

- signments of NSF,' " and MnF, '6 are well established, no
further discussion is required.

Z ( N F 4 2 m n F 6S u m m a r y
The present study shows that, in HF solution. solvolysis

preempts the metathetical synthesis of N F4* salts containing
triply charged M Fill anions derived from 3d t ransi tion- metal
fluorides. On the other hand, three NF,' salts derived from

2400 ZO00 1800 1600 1400 1200 100 CO60 400 200 doubly charged MF ' 2 anions are accessible by this method.
FREOUENCY.CM 1 These salts are (NF4),TiF6,'

0 (NF4)2MnF 6, anid (NF4,).NiF.'
Figurel. Infrared spectra of solid CS2MnF, and (NF 4)2MnF6 recorded All of them are stable at room temperature. with (N F4)2NiF6
at 25 O( as dry powders pressed between AgCI disks. The broken possessing the lowest thermal stability. The existence of stable
tines indicate absorption due to the window mnateria NF 4+ salts of TiF, 2 , MnF6

2 , and NiF6
2' can be explained by

14.15the favorable d', d' (high-spin) and d" (low-spin) electron
tetrahedral NF4+)4 i is attributed to the influence of the configurations, respectively, of these anions. The combination
p aramagnetic MnF, 2 anion which can provide rapid relaxa- of good thermal stability with high active fluorine content (1. 58
tion. g/cm') renders (NF 4).MnF, a verN attractive candidate for

Vibrational Spectra. The ionic nature of (NF4)2MnF, in solid oxidizer applications.
the solid state was established by its vibrational spectra which
exhibit the bands characteristic for NF4 * '2 and MnF '2 .It Acknowledgment. The authors are indebted to Drs. C. J.

W Sa~odn. - Schack, L. R. Grant. and M. Lustig for helpful discussion,
(14) K 0 ( hrm~c. .1 P (Guertin. A F. Pavlath. and WIao norg to Mr. R. Rushworth for the elemental analyses, and to the

( henl 6. 1 I I(1671

HIs) w IA I- riberg, R T Rc~ick. R, S Stinghani. and 14 F 1II. ln)g Army Research Office for financial support.
( hensr. 6. 1156 (1967)

(16) S I ( hdKo,. A %I Black.a.nd ( 1) [lint, J ('hensi Phis. .65.0416 Registry No. (NF 4)2MnF,. 74449-37-9. NF4SbFV,. 16871-76-4;
1976). and rcierences cited therein (s.,MnF,. 16962-46-2; CsSbFn. 16949-1 25.
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Evidence for the Existence of Directional Repulsion Effects For a meaningful comparison, we must first establish the
by Lone Valence Electron Pairs and ir Bonds in relative repulsive strength of a lone valence electron pair and
Trigonal-Bipyramidal Molecules of a doubly bonded oxygen in the absence of directional effects.

Inspection of the known structures of IF 5
1 2 and IF50

13 and
Sir." of XeOF 4

14

The Gillespie-Nyholm valence-shell electron-pair-repulsion 0

(VSEPR) theory"'2 is very useful for explaining the basic F .
structural features of many classes of inorganic compounds.
The theory assumes that the geometry around a given central F F e

atom is determined by the number of electron pairs in its F F

valence shell which are arranged as "'points-on-a-sphere" in
a manner to minimize the mutual repulsion energy. The finer shows that in these pseudooctahedral molecules the repulsive
details of the structure are predicted by assuming lone or strengths of a lone valence electron pair and of a doubly bonded
nonbonding electron pairs to be more repulsive than single oxygen are very similar and that, as demonstrated for XeOF 4,
bonds, with double bonds being almost as repulsive as the lone the oxygen can be even slightly more repulsive than a free
pairs. Since the valence electron pairs are treated as points, valence electron pair. In the pseudotetrahedral molecules PF 3
their repulsive effect is assumed to be directionally inde- and PF 30, the free valence electron pair appears to be
pendent. This approximation holds well for highly symmetric somewhat more repulsive than oxygen:
molecules such as octahedrons or tetrahedrons and for valence
electron pairs which are cylindrically symmetric with respect 0

to their axes. However, if a molecule possesses a structure p p
of lower symmetry such as a trigonal bipyramid and if the ' I., "I

valence electron pair is not cylindrically synmetric such as F V

the r bonds of double bonds, directional repulsion effects can
be expected which should depend on the nature of the orbital The above examples show that, for practical purposes, the

and its electron density distribution. nondirectional repulsive strengths of a free valence electron

Contrary to the ligands in a tetrahedron or octahedron, those pair and of a doubly bonded oxygen are comparable. For a

in a trigonal-bipyramidal molecule, when arranged as being more precise comparison, effects such as changes in the oxi-

equidistant from each other, are no longer on the surface of dation state of the central atom or in the hybridization of the

a sphere and become nonequivalent. The two axial ligands orbitals should be eliminated. This is best achieved by selecting

have a greater (ideally by a factor of 21/2) central atom-ligand a compound such as XeOF 4 containing both a free valence

bond length than the three equatorial ligands. Consequently, electron pair and doubly bonded oxygen at the same time. In
two nonequivalent pairs of this manner, their relative repulsive strengths can be comparedan equatorial ligand possesses tonnqiaetpiso

neighbors, one axial one of greater bond length and ideally under identical conditions.

at 900 angles and one equatorial one of shorter bond length Returning to the less symmetric case of trigonal-bipyramidal

and ideally at 120* angles. molecules, let us consider the structures of SF 4. OSF 4, and

In this correspondence, two cases are presented which are H 2C=SF 4:
strong evidence for the existence of directional repulsion effects F F F

in trigonal-bipyramidal molecules. These two cases are (i) a ( F 
/  

F

comparison of the structures of SF 4' 4 and X=SF4 (where X :- 0 = o , X " sc=
isO or Ctl,) " and (ii) the structure of CIF30."' In the first ' 4F F H 70.F

case, the relative repulsion of the axial and of the equatorial F F

fluorine ligands by either the tr bonds of a double bond or a As recently pointed out by Oberhammer and Boggs, 6 the FSF
free valence electron pair is compared, whereas in the second bond angles are surprisingly different in these molecules but
case, the combined effect of a lone pair and of a doubly bonded could be well duplicated by ab initio MO calculations. These
oxygen is described. calculations showed that the observed differences in the

structures of O=SF4 and HC=SF4 can be satisfactorily

(1) R. J. Gillespie and R S N -holm, Q. Rev., Chem. So,-., 11, 339 (1957); explained by the different population of the X=S ir-bond
R. J. Gillespie, J. ('hem. Educ., 40, 295 (1963). 47. 18 (1970), orbitals in the equatorial and the axial plane (OSF 4, a-Q = 0.17

(2) R. J. Gillespie. "Molecular Geometry", Van Nostrand-Reinhold. Lon- au, ira, = 0.12 au, H2C5SF4, r = 0 23 au, r, 0.02 au).
don. 1972. The comparatively small F04SF,, bond angleof SF4 can be

(3) W. M Tolles and W. D. Gwinn, J. (hem. Phis.. 36, 1119 (1962).
(4) K. Kimura and S. H. Bauer, J. Chem. Ph's., 39. 3172 (1963) rationalized in the following manner. A lone electron pair can
(5) G. Gundersen and K. Hedberg, J. ('hem. Phys., 51. 2500 (1969). be delocalized rather easily, as shown, for example, by the
(6) Hi. Oberhammer and J. E. Boggs, J. Mol. Struct., 56, 107 (1979); i. structure of BrF6 1

5 as opposed to that of IF 6 Ik Although
Bock, J. E. Bogg. G. Kleemann. D. Lent?, H. Oberhammer, E. M.
Peters, K Seppelt, A. Simon, and B. Solouki, Angew. ('hem., Int. Ed.
Eng.. 18. 944 (1979).

(7) K. S. R Murty and A K Mohanty, Ilnd. J Phi, .45,535(1971), K. (12) A ( Robiltte, R. II Bridle), and P. N. Brier. J. Chem So.D. 1567
S. R. Murty, Bull. Aat. Inst Ind., 30. 73 (1965). (19711; R. K. Heenan and A. G Robicite. J. Mol. Struct. 55. 191

(8) J. D, Graybeal. Sisth Austin Symposium on Gas Phase Molecular (1979)
Structure. Austin. Texas. 1976 (13) 1. S Bartell, F. B. Clippard, and E. J. Jacob, Inorg Chem.. 15. 3009

(9) K. 0 Christe. C J Sihja.k. and li. C. (urtis, Spe, tr him .. , ta. Part (197t).
A. 33A, 323 (1977). (14) J P Martins and E. B. Wilson, J. Mol. Sse'irose, 26. 410 (1968).

(10) I. |tarfittai. J. Mol. Strut.. 56, 301 11979). (15) R Bougon, P. Charpin, and J Soriano, C. R. Hebd Seances Acad. SC.
(1) H Obrharnmer, unpublished results. Ner C. 272, 565 (1971).L-1

) 1lrimnted frrn ivm rgnii' i ti mh tr . p., 21 s 2 1;
(' q)vright (0 l!twl h1, ihit. kinerican Chemnical Sovio.l and rulirinti-d In jlivrlim.-lti of1 tlw ti)Is,'right owne'llr.
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in both ions the central atom possesses a lone valence electron error, quite similar but that they strongly differ in their di-
pair, the size of bromine permits only a maximum coordination rections.
number of 6 (toward fluorine) and the lone pair in BrF6 is Since the molecular structure of SF40 has not yet been
sterically inactive and centrosymmetric. In IF6 , the larger established beyond doubt (four models have been proposed on
central atom can readily accept seven or eight ligands, as the basis of an electron diffraction study)5 and since one might
demonstrated by the existence of IF7 and IF%-,' 7

,19 and, argue that secondary effects such as the difference in the
therefore, the lone valence electron pair becomes sterically oxidation state of the sulfur central atom might be of im-
active and acts as a ligand. On the assumption of a similar portance, the structural study of a trigonal-bipyramidal
ease of delocalization of the free valence electron pair in molecule containing both a lone valence electron pair and a
trigonal-bipyramidal arrangements, a free valence electron pair doubly bonded oxygen atom was important. Such a molecule
can then be expected to possess little directional repulsive is CIF 30, the structure of which was recently established:"1
selectivity and to compress preferentially the most compressible
bond angle. In an idealized SF4 structure, the 120* equatorial F 1 405 1
FSF angle obviously should be compressed more easily than 1713  0

the 900 angles formed between the axial ligands and the :--c1'603 A :-
1-/a 1Kfluorine containing equatorial plane. 1:879 F F.,

On the other hand, the ir orbitals of an S=X double bond sde view top view
are more localized and concentrated between the sulfur and
the X atom in the equatorial and the axial planes of the The fact that the axial fluorine atoms are repelled more
molecule. Depending on the relative population of these or-bitals, prfrnilrplino ihrteailo h qaoil strongly by the oxygen ligand than by the lone pair confirms
l preferential repulsion of either the axial or the equatorial the existence of directional repulsion effects in trigonal-bipy-

fluorines is possible. Thus, the "shape" of the SX r bond ramidal molecules and supports the conclusions reached from
is responsible for the preferred direction of the repulsion effect the comparison of the SF 4, 05F 4, H,CSF41 series.
and must be considered when the structure of an unknown
molecule is predicted. In summary, in trigonal-bipyramidal molecules, cylindrically

In view of these directional repulsion effects, the change in nonsymmetric valence electron pairs can result in directional

a single bond angle is not a good measure for the overall repulsion effects. These effects can be rather pronounced and

repulsive strength of a ligand or a free valence electron pair. cannot be accounted for by simple VSEPR theory."-2

Since the repulsion of all the other ligands must be considered, Acknowledgment. K.O.C. is indebted to the Office of Naval
the average quadruple angle' ° should be used for such a Research, Power Branch, for financial support.
comparison. In SF4, OSF 4, and H2CSF4, these average
quadruple angles are 111.5, 110.3, and 113.3*, respectively, Rocketdyne of. 0. Chriseaeo
indicating that the overall repulsive strengths of a free valence A Division of Rockwell International
electron pair and of a S--X v bond are, within experimental Canoga Park, California 91304

Department of Chemistry H. Oberhammer
University of Tubingen

(t6) K. 0. Christe, Inorg. Chem.. It, 1215 (1972). 7400 Tubingen 1, West Germany
(17) C. J. Adams, Inorg. Nucl. (hem. Lett., 10, 831 (1974).
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SYNTHESIS AND PROPERTIES OF NF4*UFsO

WILLIAM W. WILSON, RICHARD D. WILSON and KARl (0 (HRISIE'
Rocketdyne. Rockwell International Corporation. Canoga Park, (A 91304. U S A

(Receed 19 August 1980; receired for publication 19 September 19801

Abrtct-A new method for the synthesis of NF4 ' salts is reported. it permits the synthesis of otherwise
inaccessible salts derived from nonvolatile Lew-is acids which do not possess HF-soluble cesium salts The method
was successfully applied to the synthesis of the novel salt NF4"UFO . This compound is a yellow solid, stable at
room temperature. It was characterized by analysis and vibrational spectroscopy.

INTRODUCTION identified by elemental analysis and vibrational spectrosop, as
Most NF 4  salts, derived from volatile strong Lewis NF,'UF,O For the elemental analysis, a weighed amount of
acids, can be prepared directly from NF,, F, and the sample was hydrolyzed in H2O and the NF, evolution was
Lewis acid in the presence of a suitable activation energy measured I I I]. The hydrolysate was analyzed for Cs and Sb by
source[11,21: atomic absorption spectroscopy. and for U gravimetricaly as

U,0,. Based on this analysis, the composition (wt %i of theA E yellow solid was: NF, 2F50. %.8: NF4SbF. 1.7; CsSbF6 . 14

NF, + F2 + XF.- NF," XF..,. The thermal decomposition of NF4"UF5O- was studied in a
sapphire reactor, equipped with a pressure transducer The onset
and rate of decomposition was determined by total pressure

If the Lewis acid is polymeric and nonvolatile, its NF 4" measurements[121 in a closed system over the temperature range
salt can usually be prepared by an indirect metathetical 40-60C. For the determination of the decomposition products, a
process[3,41, provided a compatible solvent is available sample of NF4UF5O (2 mmol was rapidly heated to 150'C in a
in which the starting materials are soluble and one of the dynamic vacuum, and the volatile products were collected inproducts is insoluble. This metathetical approach has traps, cooled to -126 and -210'C. and were identified by their IR

spectra. The -126°C trap contained 1.1 mmol of UF,, and the
been demonstrated for several NF.* salts [3-71. A typical contents of the -210*C trap consisted of 1.5 mmol of NF, and a
example is the synthesis of (NF4),NiF,, in anhydrous HF small amount of OF2. The IR spectrum of the pale yellow solid
solution[7] using the cesium salts. The latter salts are residue (350mg) showed strong bands characteristic for
preferred because they exhibit the most favorable solu- UF4 O[91, UOF2(131. NF4"12-81, and two broad bands at 520 and
bility products for a metathesis in HF[4: 410cm - ', probably due to UF. vibrations. In addition, the spec-

trum indicated the presence of a small amount of
ii U FO" 110, 14, 15],

Cs2NiF 6 + 2NFSbF--2CsSbF,,5  + (NF4)2NiF.0
• 75'- RESULTS AND DISCUSSION

However, in cases where the corresponding cesium salt Synthesis
starting material or both products are insoluble in the The metathetical synthesis of NF4UFO according to
solvent and the Lewis acid is nonvolatile, neither one of

HF

the above approaches can be used. In this paper a NF4SbF, + MUFO-J MSbFI + NF4UFO
method which circumvents these problems is described
and is applied to the synthesis of the novel salt
NF 4.UFO-. was not possible because both the MUF 5O (M = Alkali

metal) and NF4UFO salts possess very low solubilities
EXPERIMENTAL in anhydrous HF. Attempts to obtain reasonably pure

Materials and apparatus. The equipment, handling techniques. NF4UFO by a metathetical reaction using
and spectrometers used in this study have previously been stoichiometric amounts of UF4O, CsF and NF4SbF, in
described[81. Literature methods were used for the syntheses of HF as starting materials, were also unsuccessful due to
UF40[91. KUF501101 and NF4SbF5I3]. The CsF (American the unfavorable solubilities. However preparation of an
Potash) was fused in a platinum crucible and ground in the dry HF solution of NFHF2[8] according to
box. The HF (Matheson) was dried by treatment with F,. fol-
lowed by storage over BiF5 to remove last traces of water[4]. HF

Preparation and properties of NF,*UFO - . In a typical NF.SbF, + CsHF 2---- NF 4HF, + CsSbF, ,
experiment, a solution of NF4HF2 (12.5 mmol) in anhydrous HF - "
(12.5g) was prepared from NF 4SbF 6 and CsF at -78°C, as
previously described[8] and added to UOF4 (6.18mmol). The followed by removal of the insoluble CsSbF, by filtration
resulting mixture was kept at -78°C for 40 hr, then warmed to at -78°C and addition of this solution to UFO. resulted
-31'C for 6 hr with stirring, followed by removal of all volatile in NFUF5 O of about 97% purity.
products in vacuo by slowly raising the temperature from -31 to
20'C. A yellow solid residue (2.70g, weight calcd for 6.18 mmol
of NF4UF5O = 2.71 g) was obtained. This compound was stable NF4HF, + UFO --- + N F4UFO + HF.
at ambient temperature and of low solubility in HF. It was

A twofold excess of NF4HF2 was used to ensure com-
*Author to whom correspondence should be addressed. plete conversion of UFO to UFO. After solvent
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Table I. Vibrational spectra of NF4UFsO and KUFO and their assignment

r-- bsJ t.req, cm
" |  

a, d rel. intens
a  

- r- \ , ' , t I -q. I
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(b) data from ref 1S
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removal, the excess of unreacted NF 4 HF2 was in more detail since the decomposition of NF.' salts
decomposed [81 at 40'C to NF , F, and HF which were containing oxyanions has been shownig, 16,17] to be a
pumped off. useful synthetic route to hypofluorites. The NF4UFsO

salt is stable up to about 50"C, but started to decompose
Properties in a sapphire reactor at 60"C at an approximately linear

NF4 UF5O is a yellow, crystallinic solid, stable up to rate, resulting in a pressure build-up of about 4.6 mm Hg
about 50"C. Its composition was established by elemental per hour for a 2 mmol sample in a 38.7 cm' volume. The
analysis. The ionic nature of the salt was demonstrated nature of the decomposition products was established by
by vibrational spectroscopy which showed the presence rapid pyrolysis at 150'C in a dynamic vacuum. The main
of the NF, cation[2-8] and UFO- anion[IO, 14,15]. decomposition products, condermiole at -210*C, were
Ror comparison, a sample of KUFsO was prepared from NF3, UF6, and a small amount o' OF,. The pale yellow
KF and UFO in HF, as previously reported [10], and its solid residue contained UF4O and UO2F2 as the major
spectra were also recorded. The IR spectra of NF4UF5O products. The formation of UF.O, UF6 and U02F2 as
and KUFO are shown in Fig. I, and the observed IR main decomposition products can be readily explained
and Raman frequencies are summarized in Table I. The by assuming
recording of the Raman spectra with the available exci-
ting line (4880 A) was very difficult due to fluorescence, NF,UFO NF3 + F2 + UF4O
strong color and poor scattering.

The assignments of the bands due to NF4 * are well as the primary decomposition step, followed by the well
established [2-8) and require no further discussion. For established (9, I] decomposition of UF4O
the UFO- anion, the previously proposed(15 assign-

• .4t ments were adopted. The IR spectrum of NFUFO
shows an JR band at 360cm '. The appearance of an IR 2UF 40--UF,+ UOF,
and Raman active band in this region has previously
been interpreted as evidence for anion-anion fluorine The fact that the recovered amount of UF, exceeded
bridging resulting in a coordination number of eight that expected from this reaction sequence, can readily be
about each uranium(151. explained by partial fluorination of UF4O or UFO- by

The thermal decomposition of NF4 UFO was studied the formed fluorine.
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Fig. 1. IR spectra of KUFO and NF4UFsO recorded as dry powders pressed between AgCI disks. The broken
lines represent absorption due to the AgCI window material.

CONCLUSION 4. K. 0. Christe, W. W. Wilson and C. J. Schack. . Fluormne
The results of this study show that NF4' salts which Checm. 11, 71 (1978), and ref s. cited therein.

are derived from nonvolatile polymeric Lewis acids and 5. K. 0. Chniste, C. J. Schack and R. D. Wilson, Inorg. Chem.
are insoluble in HF, are accessible by treating the cor- 16,849 (1977).

resondng ewi aid ithan xces f N 4HF inHF 6. K. 0. Christe and C. J. Schack, Iusorg. Cliem. 16, 353 (1977).
respndin Lews acd wih anexc sces ful apf NF 2i F 7 K. 0. Christc. lnorg. Chiem. 16.,2238 (1977).

solution. This approach has also been scefulap 8.K. 0. Christe, W. W. Wilson and R. D. Wilson, Inorg. Checm. 19,
plied to the synthesis of NF4WF50[191 and might be of 144(18)
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Determination of Nitrogen Trifluoride in Perfluoroammonium
Cation Containing Complex Fluoro Anion Salts

R. Rushworth, C. J. Schack, W. W. Wilson, and K. 0. Chrlste"

Rockwell International Corporation. Canoga Park, Cablornia 91304

The NF 4' content of Complex fluoro acion safts Is deterinefd Table 1. The Determination of N F, in Various NF4 *
by quantitative measurement of the NF3 evolved during hy- Salts by the Gas Chromatographic Method
drolysis of 500-1000 mig size samples using gasomotlc and %NF
chromatographic methods. Analytical data are given for
NF4BF,, NF4SbF*, NF4BIF*, and NF4SnFs with NF3 contents compound calcd exptlo
ranging from 17to 40%. These data show ascatter of about NF BF,-a 40.16 4 0.'_18
12 rel % for the NF3 analyses. The use of several quanti- NF:SbF. b 21.80 21.69

ttvsernIquantitative, and qualitative methods for the de- NFSb)F, 21.80 21.71
tteNF,BjF b 17.19 16,94termination of the anions or for the detection of Impurities in NF,,SnF, d 23.38 23.60

the NF 4 ' salts Is discussed. a From UV photolysis reaction. tb From direct thermal

synthesis. I From pyrolysis of Sb,F o salt. d From
displacement reaction. ' Averaged values from multiple

Perfluoroammonium salts are unique. In spite of their determinations.
unusual oxidizing power, they are capable of forming nu-
merous stable salts. Potential applications of NF4* salts N2 again to moderate the hydrolysis. Repeating this warming
include their use in solid propellant I'llF gaS generators and cooling cycle two or three times accomplished most of the
for chemical HF- DF lasers (1, 2) and as a fluorinating agent hydrolysis reaction, and at this point the reaction was allowed
for aromatic compounds (3). Since generally the elemental to go to completion near room temperature.
analyses of powerful oxidizers are difficult to perform, we Determination of the NF-_0 2 Content by Gas Chroma-
would like to report the methods developed in our laboratory tography. The tip of the ampule with the resulting hydrolysate

for nalzin NF4 satswas cooled to -78 *C. Care was taken that all the hydrolysate
for nalying ll slts.was in the tip and that it was frozen to avoid distortion of the

EXPERIMENTAL SECTION ensuing pressure measurement by water vapor pressure. With
Caution, 'rhf hydrolysis of NF 4* Salts is highly exothermic the solution frozen, the ampule was opened to the calibrated

and can be explosive. It must be moderated, as described ini the volume of the vacuum line, the gas pressure and temperature were
following paragraphs, and appropriate safety precautions must recorded, and the amount of gas was calculated from these PVT
be taken. measurements. A portion of this gas was analyzed by GC which

Apparatus. 'The hydrolyvsis reaction of NF,* sats was carried had previously been calibrated for NF 3, 02, N2, and mixtures
out in a volume-calil,ragted -stainless steel vacuum line equipped thereof. Retention times (in minutes) for the gases were as follows:
with 'leiloi FF1' -trap, and bellows seal valves. Pressures were N2 (2.4), 02 (2.55), and NF3 (4.95). The amount of NF.*, originally
measuredl with it fleisi' Bourdon tiihe-type gauge (0-760 mmn ± present in the sample, was calculated from the total amount of
t0.01% )Y . The vacuium line was directly interfaced with the gas gas evolved and the percentage of NFI, as found by GC. Analyses
chrotnat 'graph. F and NI Model 7W8, which Was equipped with carried out oin pure samples showedt that 1 mol of NF,* generated
a I /il in. X '_0 ft coluinji packed with P'I'Q, Wt IM8 miesh, and was I mol of NF3.
operated at ambient temperature, with 25 mL/min H-I and a Separation of NF 3 and 02 by Fractional Condensation.
thermal conductivity detector. Peak area integration was ac- The following procedure was also used in place of the gas chro-
coinplished with a Hewlett-Packard Model 3371 R integrator. matographic determination of NF 3 and 02. After the Ill' salt
Nonvolatile materials were handled outside the vacuum system had been hydrolyzed as described above, the ampule containing
in the dry nitrogen atmosphere of a glovehox. Raman spectra the hydrolysis products was cooled to -210 *C by a N2 slush bath
were recorded on a CTary Model 83 spectrophotoineter using the prepared by pumping on a Dewar containing liquid N2. The

488-A xciinglin ofa L~exel Model 75 Ar ion laser and a contents of the ampule were allowed to slowly warm from -210
4880aas exiting4)fo linelmnto ofdt~n lie 0ihsae C toward 0 "C, while the volatile materials were pumped in a

glass melting point capillaries as sampic- conianers. hliared dynamic vacuum (- 10'" torr) through a series of U-traps kept
Aspectra were obtained by using lPerkin-loer Model 28 tit 4:57 at 78 *C for trapping water vapor and at -210 *C for trapping

spectrophotometers usin g a Willis minipellet press for pressing NF3. When the hydrolysate in the ampule had melted, the valves
the dry powder,. between Ag('l disks, between the ampule, the first 11-trap, and the second U-trap were

Hydrolysis of the NF 4 * Salt. The sample to bie analyzed closed, and pumping on the second (- 210 *C) U-trap was con-
(500 1000 mg) was transferred in the glovebox to a previously timiiied for another 15 min to remove any trapped oxygen. The
evacuated. leakc-checked, and weighed volume-calibrated Teflon 21)) 'C UI-trap wask then closed off and the contents were allowed
FEII ampule equipped with a stainless steel valve. After removal to warm to ambient temperature and were measured by PVT.
front the glovehox, the ampule was reevacuated and rewt-i;hed. RESULTS AND DISCUSSION
It was attached to the vacuum line, and after tlhc aiiititle wais

-1cooled to 1I u6 'C. 2.0 nil, of (legasserI andi. Iioized 1 1 , ' I's he atil ses of numerous spectroscopically pure NF4* salts
slowly admitted into the sari,ple Itul,c I I ,lo ... , 11 cerrti,. I -. dh Ill( of di fferen t con te ni ns by the gas chromatographic method
H,10 addition was carried ,,Ut ilk so, It a ,umtitrr thot il, ~ ha~ c sit.,% it k15cc 'ahl, 1 that the hydrolysis (if NF4* results
was frozen at 19i6 *C on tic( rilt,cr wal[lihe itills eoo Isss4 ill 'luilili , Ni' vtdntion according to
above the silple. ( 1po in u; ,' t114 .i 1 11t1 IT 1;
was knocked down onto the .,ninpit.. Tile r, -Ionn,, .- Nitire >N1 lj -1 2NF 4 + 0.., + 2H 2F+
was agit~tted and carefuo likv wart,, -I i .s4rd i tt 44) 'Cru ~c, %,
soon as interactioni was niitice.,)'h kilt4 oo4i.t4U %;i:, 41141141 it, fiod TII s 444141).% la NFI. ti H20 is v'ery small (5. 6) and can
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therefore be neglected. The hydrolysis reactions must be combined with which anions can be answered by recording
carefully controlled to avoid violent reactions (7, 8) which (i) the X-ray powder diffraction patterns of the mixture.
are dangerous and (ii) can result in the hydrolysis of some NF3  Semiquantitative methods for the determination of NF4

+

to nitrogen oxides. The oxygen evolution was found, even and MFn include Raman and "9F NMR spectroscopy. In the
under well-controlled conditions, to be often less than quan- Raman spectra the symmetric stretching mode of tetrahedral
titative due to the formation of some H202 and HOF (2). In NF4

+, for example, occurs at about 850 cm-' (15) and always
addition, certain oxidizing anions, such as NiF62 (7), BiF6- results in an intense and narrow line outside the frequency
(2), or MnFs' (8) also produced oxygen on hydrolysis. Con- range of most anion modes. The relative peak height of this
sequently, determination of the evolved 02 should not be used line can therefore be taken as a measure of the NF4

+ con-
for a quantitative determination of the NF 4

+ content. centration, provided that calibration spectra of analyzed
Two methods were developed for the determination of the samples recorded under identical instrumental conditions are

amount of NF 3 evolved during hydrolysis. In the first method, available and that the relative peak heights of the other
the total amount of gas volatile at -78 *C is measured by PVT, complex ions are also known. The advantages of this method
followed by a gas chromatographic analysis of the gas. In the are its speed and the small amount of sample required. It is
second method, the evolved NF 3 and 02 are separated by routinely used in our laboratory and gives results within a few
fractional condensation by use of a 210 °C trap; the -210 0C percent of those obtained by conventional wet analysis tech-
trap retains only the NF 3. The choice of either method de- niques. It should be pointed out, however, that this method
pends on the availability of the appropriate equipment. is not suitable for the detection of weak Raman scatterers,

An error analysis of the method using gas chromatographic such as HF.
separation shows that by far the largest uncertainty stems In the 19F NMR spectra of solutions of NF 4

+ salts in sol-
from the uncertainty in the area integration of the GC peak. vents, such as anhydrous HF or BrF5, a very narrow well-
This is confirmed by analytical data on high-purity NF 4BF 4, resolved triplet of equal intensity is observed for NF4+ at about
prepared by low-temperature UV photolysis in a steel-sap- 220 ppm downfield from external CFC13 with a line width of
phire reactor (9). These data shows a scatter of about -2 rel about 5 Hz and JNF = 229 Hz (16, 17). It is well suited for
% for the NF 3 analyses. accurate peak area integration. However, in many cases rapid

An error analysis of the second method shows that its ac- fluorine exchange between the complex fluoro anions and the
curacy is limited by the effectiveness of the NF 3-0 2 separation. HF solvent preempts the simultaneous determination of the
The NF:j values obtained for high-purity NF4BF4 standards anion concentration, thereby limiting the general applicability
were found to be highly reproducible but were always slightly of this method.
high due to small amounts (0-0.8 mol %) of residual oxygen,
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Abtract-The i.r. specta of FCIO in Ne, N2 and Ar matrices were recorded and the "CI-3'CI
isotopic shifts were measured. The Coriolis constants of the E-species vibrations were redetermined
and together with the isotopic data used for the computation of a general valence force field. The A,
block, for which only isotopic frequencies are available, was fixed with the help of ab initio force
constant calculations. It is shown that v2 and v3 are best described as an antisymmetric and a
symmetric combination, respectively, of the CIF stretching and the C10 3 bending motions. Com-
parison with 13 previously published force fields demonstrates the inadequacy of underdetermined
force fields for strongly coupled systems, such as FCIO 3 .The CIO and CIF stretching force constants
were found to be 9.76 and 3.49 mdyn A-'. respectively, in good agreement with those expected for a
mainly covalent Cl-F single and CI=O double bonds.

INTRODUCTION matrix-isolated FCIO 3 were obtained at 6 K with an Air
During a normal coordinate analysis of the fluorine Products Model DE 202 S helium refrigerator equippedperchlorate, FOCIQj, molecule[l] we became in- with Csl windows. Research grade Ne. N2 and Ar

terested in the force field of the closely related (Matheson) were used as matrix materials in a mole ratio
of 1000:1. The infrared spectra were recorded on a

perchioryl fluoride, FCIO,. molecule. Although Perkin Elmer Model 283 spectrophotometer calibrated
FCIO, is a well known and important molecule, by comparison with standard gas calibration points[18,
and at least 13 force fields[2-14] have previously 19]. The reported frequencies and isotopic shifts are

been published for it, comparison of the literature believed to be accurate to ±2 and ±O.1 cm-', respec-tively.
data revealed large discrepancies. Furthermore,
for most of these computations estimated struc- RESULTS AND DISCUSSION
tural parameters had been used. Since the struc- Since the infrared and Raman spectra and the
ture of FCIO3 has been well established by elec- assignments of FCIO are well established[10, 20-
tron diffraction data[6] and since for similar 25], only the infrared matrix isolation spectra were
molecules a combination of isotopic frequencies recorded for the determination of the "CI-"CI
and Coriolis constants have been shown to result isotopic shifts. These spectra were obtained at 6 K
in well defined general valence force fields[15-171, using three different matrix materials, Ne, N2 and
it was interesting to apply this approach to FCIO 3 . Ar, at a MR of 1000. The observed spectra,
Further interest was added to the problem by the frequencies and assignments are shown in Fig. I
fact that in several studies[2, 3, 8, 9, II] FCIO10 has and Table I. As expected for a five atomic mole-
been used as a model compound to test the quality cule of symmetry C3,, FCIO3 exhibits a total of six
of approximate force fields. An evaluation of the fundamental vibrations classified as 3AI +3E. By
merits of the different approximating methods, analogy with the similar halogen fluorides,
however, requires the knowledge of a reliable BrF,1261, BrFO[27] and FBrO2128], neon
general valence force field. Finally, based on the matrices exhibited the least matrix site effect
results of a normal coordinate analysis, Gans splittings and showed frequencies closest to those
pointed out[9] that two possible assignments (715 of the gas phase values. The additional splittings
and 549cm-') exist in the A, block for the Cl-F observed for the N2 and the Ar matrices are attri-
stretching mode and that, as a result, P2 and v, buted to matrix site effects.
might be mixtures of Cl-F stretching and angle A general valence force field was computed for
deformations. The purpose of this study was to FCIO3 using a previously described machine
clarify some of these aspects and to obtain a better method[29]. The frequency values were taken
understanding of the force field of this interesting from previous gas phase measurements[10, 21, 22,
molecule. 24, 25] and are summarized in Table I. The "CI-

"CI isotopic shifts were taken from the presentEXPERJMENTAL matrix work except for t', and v5 which were more
Perchloryl fluoride (Pennsalt) was handled in a pas- accurately determined [22] by a previous high

sivated stainless steel-Teflon FEP vacuum system and

purified prior to use by fractional condensation. Infrared resolution gas phase infrared study (see Table I).
spectra of the gas were recorded using a 5 cm path-length Anharmonic frequencies were used for the force
Teflon cell with Csl windows. The infrared spectra of field computations because sufficient experimental
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Fig. I. Infrared matrix isolation spectra of FCIO3 recorded at 6 K in Ne, N2 and Ar at a MR of 1000.

Table I. Frequencies* and "Cl- 7Cl isotopic shiftst of As it was clear from the beginning, that the
F15CO measured isotopic splittings would not suffice to

F"CIO SO determine the A, block force constants un-

frequency isotopic shift equivocally, ab initio force constant calculations
Species Mode (cm - ') (cm') were performed too, using the force method[30). a

4-21G basis set[31 for F and 0 and a 3-3-21 basis
A, V, 1063 3.05 set[32j for the chlorine atom, which was aug-

v2 11 0.0
V2 550 0.89 mented by one d function with exponent 0.6(33],

E -, 1315 15.8 when it was realized, that the pure basis did not
V, 591 3.09 reproduce the geometrical data properly. With

405 10.171$ the augmented basis set for Cl, the calculated

*Frequencies were taken from the gas phase values of geometry (re F 1.6280., rin oogemn w16.57 ,

Refs. 110. 21. 22. 24. 251. MOF 100.8 °) is in good agreement with the
tTaken from this study, except for A&') and As (from experimental values. Table 3 shows the results of

Ref. (221). the ab initio force constant calculations (set 1).
WCalculated value. Splitting was too small to be The usual[34-38] deviation of the diagonal force

experimentally observable, constants was remedied by a subsequent iteration
using the measured frequencies (set 11 in Table 3).

data for anharmonicity corrections were not E-block force field. The "CI isotope can provide
available. Since the relative signs of the symmetry only two new independent frequencies, due to the
coordinates are critical for the computation of the product rule. Consequently, the fact that the iso-
Coriolis constants, the symmetry coordinates have topic splitting for v, could not be measured, is
been summarized in Table 2. The following inter- unimportant. Similarly, the Coriolis constants can
nal coordinates and the geometry, determined by provide two additional independent data points
an electron diffraction study[61. were used: since they are related by the sum rule, ,+ '+

4 2BIA. Again, the fact that one Coriolis con-
F stant could not be measured, does not decrease the

100.8 I Rz 1619A number of available independent data points. Thus,

k 1404A there were a total of seven pieces of independent
A I .0  data available to determine six force constants.01 The least squares computer code, used for our

force field computations, did not converge when
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Table 2. Symmetry coordinates and symmetry force constants for
FCIO,

A, S, = (r, + r2 + rl/v(3)
S,= R
S) = 0.4912(o, 1 02 +/Oo - 0.3034(a, i, + it,
S* 0.3034 (j0, + . + 0,) + 0.4912 (a, + a, + (,)

E S4., = (r2 + r, -2r,)/,/(6)
S.6 = (r, -r)/V(2)
Sj. = (a2 + a, - 2a ,)/V( 6

)
Sib 

= 
(a) /

Sj, = (20, - 60)/\/(6)
s6, = (02 - 006V(2)

F,, = f, + 2f,.

F, = 0.724, + 0.28f. + 1.45% , - 0.55f_ - 1.79f,,, - 0.89fo.
F,2 = V(3)fR
F,, = 0.85Ip + 1.70fo - 1.05fo - 0.53f,,
F2, = 1.47f, - 0.91f,
Fu. =f,-
F,, --I.--foo
F= L. -f.
F4 , = f, -,,

F% = f.0 f.

"Redundant coordinate.

the observed frequencies and the previously the published electron diffraction data[61 are con-
reported Coriolis C constant values[5, 101 were sidered to be more precise than ± 1% in view of
used as input data. Consequently, this code was the 0.64% deviation between our value of B
used to compute five symmetry force constants (0.1 764cm =5292 Mcs) and that of 5258.682±
and the Coriolis constants as a function* of the 0.005 Mcs obtained [30] by microwave spectros-
sixth constant, F,,, requiring an exact fit of the five copy.
observed frequencies. The resuiting range of soiu- The previously reported [5] value of , had been
tions is shown in Fig. 2. computed from an estimated geometry and the PR

Since neither of the two previously published[5, branch separation of v which was obtained by
101 sets of Coriolis constants (see Table 4) resulted doubling the QR branch separation observed in the
in a unique force field solution (see Fig. 2), the low resolution work of LIDE and MANN[211. A
Coriolis constants were reexamined. This re-examination of the complete v6 infrared band
examination revealed severe short-comings for contour at 30'C resulted in a P-R branch separa-
both sets. The set calculated from Raman gas tion of 20.5 ± 1.0 cm ', which in turn resulted in
phase band contours[101, although quoted with the 6 = 0.32 ± 0.05 using previously reported [31-341
smaller uncertainties, is effectively useless graphic interpolation methods.
because the Raman band contours are a function Determination of 4 from the infrared band con-
of both the Coriolis constants C and the ratio , of tour of v, was not possible due to interference
the relative intensities between the set of tran- from the strong Q branches of the "CI and "CI
sitions in J with AK = - I and the same transition isotopic species and from the (V2 + v,) combination
in J with AK = -2. Since the 8 values are un- band. Therefore, 4r was determined from the known
known, reliable " values cannot be obtained in this C, and C', values and the sum rule C. + C, + 6 =
manner. 2B/A and was found to be 0.54 t 0.05.

The other set of Coriolis constants was This revised set of Coriolis constants differs
calculated [5 from i.r. gaspiase band contours. significantly from those reported previously[3. 5.
For the determination of C5 the accurately known 101 (see Table 4). As can be seen from Fig. 2, it
Q branch spacing of P, (0.1581 cm-')1221 was used results in a single set of force constants, thus
according to C, = I - (B/A) - (0.1581/2A), where A lending credibility to the force field chosen. The
and B are the reduced moments of inertia. At the numerical values of the resulting force constants are
time of the original computation[51 of C, an summarized in Tables 3 and 5 and Fig. 2 with
experimental value was available[22, 301 only for uncertainties derived from the uncertainty limit of
B, but A had to be estimated. Reevaluation of C,  C,.
with A and B values of 0.1846 and 0.1764cm '. There is an excellent agreement of this experi-
respectively, deduced from the electron diffraction mentally derived force field with the ab initio
structural data[61, resulted in a revised value for C, results (see Table 3).
of -0.384*0.008, assuming 1% uncertainties for The E-block force field appears entirely plausi-
both the value of A and the value of the Q branch ble. All the off-diagonal symmetry constants have

spacing. The values of A and B computed from relatively small values, and the potential energy
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Valence force field of perchloryl fluoide S53

distribution (see Tfable 3) shows the fundamentals
0.6- to be highly characteristic (70-98%). They are well4 54 006 described as an antisymmetric CIO, stretch, an

0.5 antisymmetric CIO, deformation and a ('10, rock-

z ing mode. Fig. 2 also demonstrates that the general
0.4 valence force field is approximately an extremal

6 - 0.32± 0.05 solution with F., being a maximum and F,, and F,,,
0.3 being close to their minima.

A,-block force field. For the A, block, the
o0.2 product rule reduces the six vibrational frequencies
-0.3- to five independent pieces of data. Therefore, a

=-0.384 0.008 unique force field cannot be determined. Thus. we
-0.4 had to rely mainly on the ab initio calculations

(see Table 3), which, however, do not reproduce
9-. the vibrational frequencies v2 and v' even after

iteration of the diagonal terms. This is due to the
small value of F,,. We have computed the five
remaining symmetry force constants ds a function

F7 4 9.69 ±0.005 of F,,, requiring an exact ( 0.05 cm ') fit of the
observed frequencies and chlorine isotopic shifts.
The results from this computation are displayed in

9.1 -Fig. 3.
_ a- F55 1.3t. 0.005 -Its inspection allows the following conclusions:

(1) F1, must be positive and must have a value of
1.4 at least 0.57mydnrad '. The ab initio value

UF= 1.49(0.02 / 0.481 mdyn rad ') is definitely below the range of
U0o1./ real solutions. 0i) At F, =rmin. 2' and ', are

>' complete mixtures of the symmetry coordinates S2
n 0.6, (CIF stretching) and S, (CIO, deformation) with vz

F56 -0.26±0.01 being an antisymmetric and P, a symmetric com-
bination of them. (iii) Except for a very small
range close to F,2 and F, being zero and to
F2, = min, F,2 and F,, must have the same sign
with F,2 - F,,. For increasing positive values of

F46=-0.33±0.11 F,, and F,,. the contribution of S, to v, and of S,
0.6 -to v,, increase and for increasing negative values

these assignments become reversed[9] (iv) The
-I

0 0.2 .0.4 0.6 .0.8 -1.0 diagonal terms of the force constant matrix have
F4 5=0.29±0.07 their extremal values (F., = max, F, = min. F,, =

min) close to the minimum of F2,. In this range.
Fig. 2. E-block symmetry force constants and Coriolis large changes in the values of F,, and F,, will be
constants of FCIO, plotted as a function of F5. The units of minor influence on the diagonal force constants.
of the force constants are given in Table t. The observed Though for the A. block the ab initio force con-
Coriolis constants are marked by + and their un-
certainties are given by rectangles. The solid and the two t
broken lines represent the general valence force field and is outside the range of real solutions and the
its uncertainties, respectively, derived from the cor- difference between F,, (0.154mdyn A ') and F,,

responding 5 value. (0.0 mydn rad ') is too large, they may be used to

table 4. Coriolis constants of Fl0,

Ref. Is)* Ref. 1t01* Ref 131t This work*

0.45 . 0.10 0.38 ) (4 0 52 0.54 • 0.05
4 -0.25 0.02 0.29, 0.04 0.60 0.A4 0.008
4 0.23 O01 0. 36 .(4 0.49 0.32 . 0.05

4 + G + G 0.43 0 45 041 0.477 - 0.005t

*Experimentally determined viluc,
Values computed from the approxi,,iaic l,'ic' held of Ref II,
Calculated from 1,121,, asuming a I', ii.ikrainl, in the ratio of the

moments of inertia obtaincd from the structure determination of Ref. 161.
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Valen.e fo%.e held of pctrchkitr fluoridc 555

1- parion of the bend-bend and stretch-bend force, contant% is difficult because for most of the pre-

g.8 sous force fields all force constants were given in
'\ . Fit unit% of md)nA ' and the authors were not

9.6 specific which bond lengths ir. R or possible
combinations) were used for their normaliLation

.4 " "procedures. For a comparison with our force field.
approximate values of the previously reported all

3.0 mdynA ' force helds can be obtained by mulliply-
ing F,, and F_ by rR. F,, by R or \ (rR), F.- and

3. 7-.-- F., by r or % (rRi. F,, by r' or rR. F4 by , (rRi.
F 2  and F,, by rR or r"R . Furthermore, most of the

previously published force fields were computed
-. - -with estimated geometries of inaccurate (oriolis

. . constants. Consequently. an objectie evaluation
03.0

F33  of the merits of the individual approximating
.S F33- methods is difficult and was not undertaken.

General Comments. We would like to point out
the wide range of force constant values pre iously

2.6 published for FCIO, which fully supports the pre-
1.6 F12  vious critical statements [9] by GANS concerning the
1.2 - questionable value of force constant calculations
0.8 F13  from insufficient or inaccurante data. In such

0.4 cases, the computation of wide solution ranges is

0 ' important to determine the range of possible

plausible solutions.
The values of 9.76 and 3.49 mdynA ' obtained

-0.8 F13  for the CI=O and the CI-F stretching force con-
-1.2- stant, respectively, of FCIO, are in excellent

SF12  agreement with our expectations 1451 for highly
.2.o0.s . . .. _1.__o_7 0_.e _. covalent CI=O double and CI-F single bonds

0.5 0.6 0.7 0.8 0.9 1.0 Higher CI=O force constants have only been
F23  observed for the cations CIFO," (12.1 mdyn A ')

Fig. 3. A, block symmetry force constants of FCIO 3  [46]andCIF2O,2 (lI.2mdynA ')[47]andarecaused
plotted as a function of F2,. by their formal positive charge[451. Similarly.

CIF.02" is the only chlorine oxyfluoride species
which exhibits a higher (4.46 mdyn A-') CIF stretch-

fix the force field within narrow limits, provided ing force constant. This can be attributed to the
their sign and order of magnitude is correct, which high oxidation state of chlorine (+ VII) and the
was proven for many examples (e.g. [34-38]). energetically favorable pseudo-tetrahedral struc-
Thus, the ab initio value of F12 may be regarded as ture of FCIO,.
an upper limit, the value of F., as a lower one. The results of the present study are of particular
while F23 is close to the minimum value. F, exhi- interest because they demonstrate that arguments
bits the largest uncertainty. Its lower limit is given concerning the assignment of certain modes.
by the ab initio value (0) and its upper limit by the capable of undergoing coupling, can be rather
value for F12. The force field derived in this way meaningless. This has recently been
with an optimal adaption to the experimental data demonstrated [441 for the axial and the equatorial
is given in Table 3 as set III. SF, scissoring modes in SF. and is now further

The strong mixing of the symmetry coordinates substantiated for FCIO,. Rather than resulting in
S2 and S, in v2 and v, can be easily rationalized. If highly characteristic fundamentals, their symmetry
the three oxygen atoms are treated as one centre coordinates are strongly mixed and the fundamen-
of mass X. then the symmetric CIO, deformation tals correspond to an antisymmetric and a sym-
mode corresponds to a stretching of the hypo- metric combination of the corresponding sym-

" thetical CI-X bond. Since such a hypothetical F- metry coordinates.
CI-X molecule is linear, the F-Cl and CI-X
stretching motions should be strongly coupled and.
therefore, result in an antisymmetric and a sym-
metric F-CI-X stretch. Acko 'ledgementx-K. 0. Christe is grateful to the

Comparison with Previous Force Fields. Table 5 Office of Naval Research. Power Branch. for financial
gives a comparison of our force field with those support, and W. Sawodn) wishes to acknowledge the
previously reported. In most cases, an exact com- help of Dr Ruoff.
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Syntheses and Properties of FOIF40, CIOIF40, HOIF40, and Tetrafluoroperiodates
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Mixtures of cis- and tra-CsIF 40 2 were prepared by the interaction of CslO 4 with either anhydrous HF, BrFs, CIF,, CIF,
or F2. The vibrational spectra of these mixtures were recorded, and partial assignments are given for cis- and trans-IF40 2-.
The assignments for trans-IF40 2 were supported by a normal-coordinate analysis. The CsIF 40 2 salt dissolves in CH 3CN
with the formation of IF4O2= anions but undergoes solvolysis in anhydrous HF with formation of HOIF 40. An improved
synthesis of HOIF40 from CsIF4O 2 and BiFs in anhydrous HF is reported, and its Raman and 'OF NMR spectra were
recorded. The interaction of CsIF 40 2 with NFSbF6 in anhydrous HF results in solutions containing NF4*, HF 2-, and
HOIF4 O. When standing or when pumped to dryness, these mixtures decompose to yield NF, and the new compound
FOIF40 in high yield. The latter compound, the first known example of an iodine hypofluorite, was thoroughly characterized
and shown by vibrational and NMR spectroscopy to be a mixture of the cis and trans isomers. For comparison, the vibrational
spectra of IFO have also been recorded. The reaction of CsIF 40 2 with CIOSO 2F was shown to yield the novel compound
CIOIF40. The fluorination reactions of CsIO 4, CsIF 40 2, IF5O, and HOIF4 O with elementary fluorine were also studied.

Introduction and co-workers6 but was limited to a one-sentence statement

The number of elements known to form stable hypofluorites that HOIF4O interacts with either alkali-metal fluorides or
is very limited.' Thus stable hypofluorites are known only trifluoroacetates to yield the corresponding salts. In a sub-
for carbon-, nitrogen-, sulfur-, selenium-; fluorine-, and sequent paper,7 this statement was repeated, but again no data
chlorine-containing compounds. In addition, the unstable were given. In 1975, Aubke and co-workers reported s that
hypofluorous acid, HOF, has been prepared. 2 Since recent CsF combines with an excessof IF 30 2 to give Cs+IF 402 - . A
work in our laboratory had shown that the thermal decom- melting point, elemental analysis, and incomplete vibrational
position of certain NF 4

+ salts of oxyanions such as NF4CIO4
3  spectra were given, which were incorrectly interpreted in terms

and NF 4SO 3F
4 produces the corresponding hypofluorites in of a cis isomer. In 1976, Selig and Elgad reported' that partial

high yield, it was interesting to apply this method to the hydrolysis of IF7 produces IF50, HOIF40, and, with increased
synthesis of novel hypofluorites. Preliminary results5 showed water addition, the IF 402- anion, which was identified by 'IF
that FOIF 40, the first known example of an iodine hypo- NMR and vibrational spectroscopy as the cis isomer. Al-
fluorite, can be prepared in this manner. In this paper, detailed though Selig and Elgad reported only solution data, their
information is given on the synthesis, properties, and reaction vibrational spectra strongly disagreed with those reported by
chemistry of this interesting compound and of related iodine Aubke for solid Cs+IF 402. In 1977, Gillespie and Krasznai
oxyfluoride derivatives such as CIOIF 40, HOIF4O, and the reported'0 that solutions of K10 4 in IF contain a mixture of

4 IF40 2- anion. 102F, 1OF 3, and cis- and trans-lF40 2-. On cooling solutions
The literature on the synthesis and properties of salts con- of K10 4 dissolved in boiling IF5, they isolated a K1F 40 2.21 3

taining the IF 40 2- anion is scant. The first report on the adduct, which could be converted into K1F 40 2 . Both com-
existence of IF40 2- salts was published in 1971 by Engelbrecht pounds were shown by 'IF NMR and Raman spectroscopy to

(6) Engelbrecht, A.; Peterfy, P.; Schandara, E. Z. Anarg. Alug. Chem. 1971.
(1) Lustig, M.; Shreeve, J. M. Adv. Fluorine Chem. 1973, 7, 175. 384, 202.
(2) Appelman, E. H. Acc. Chem. Res. 1973,6, 113. (7) Engelbrecht, A.; Mayr, 0.; Ziller. G.; Schandara. E. Monatsh. Chem
(3) Christe, K. 0.; Wilson, W. W.; Wilson, R. D. Inorg. Chem. 1980, 19, 1974, 105, 796

1494. (8) Carter, H. A.; Ruddick, J. M.; Sams, J. R.; Aubke. F. Inog. Nucl.
(4) Christe, K. 0.; Wilson, R. D.; Schack, C. J. Inorg. Chem. 1980, 19, Chem. Lett. 1975. 11, 29

3046. (9) Selig, H.; Flgad, U J. Inorg. Nucl. Chem. Suppl. 1976, 91.
(5) Christe, K. 0.. Wilson, R. D. Inorg. Nucl. Chem. Let. 1979, 15. 375 (10) Gillespie, R. J.; Krasznai. J. P. Inorg. Chem. 1977. 16, 1384.
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contain in the solid state and in CH3CN solution trans-lF 40 2 . spectra of solids were obtained by using dry powders pressed between
In IF, solution, however, IF 402 - was shown to exist in a cis- AgCI disks. Spectra of gases were obtained by using a Teflon cell
trans equilibrium, with the cis isomer being favored. of 5-cm path length equipped with AgCl windows. The spectra of

Tetrafluoroorthoperiodic acid, HOIF 40, was first prepared matrix-isolated FOIF 40 and IF5O were obtained at 6 K with an Air
and co-workers t acording to Products Model DE202S helium refrigerator equipped with Cslby Engelbrecht anwindows. Research grade Ne (Matheson) was used as a matrix

Ba 3H 4 (10 6) 2 + 14HSO3 F - material in a mole ratio of 1000:1. The spectrometer was calibrated
2HOIF 40 + 8H 2SO 4 + 3Ba(SO 3F) 2  by comparison with standard gas calibration pointsi.i, 9 and the re-

Since HOIF 40 could not be separated from HSO3F by dis- ported frequencies are believed to be accurate to *2 cm .
The Raman spectra were recorded on a Cary Model 83 spectro.

tillation, it was converted into the more volatile IF 30 2  photometer using the 4880-A exciting line and a Claasscn filter" for
HOIF 40 + SO3 - 1F302 + HSO 3F the elimination of plasma lines. Sealed quartz, Teflon FEP, or Kel-F

which was distilled off and then reconverted to HOIF4O by Tubes were used as sample containers in the transverse-viewing.
transverse-excitation technique. Polarization measurements were

HF addition according to carried out according to method VIII listed by Classen et al.10 Lines
IF30 2 + HF -" HOIF4O due to the Teflon or KeI-F sample tubes were suppressed by the use

The acid was characterized 6. |
1 by its physical constants and of a metal mask.

The '5 F NMR spectra were recorded at 84.6 MHz on a Varian
mass and NMR spectra, which showed the compound to be Model EM 390 spectrometer equipped with a variable-temperature
a mixture of the cis and trans isomers, with the cis isomer being probe. Chemical shifts were determined relative to external CFCI3
more abundant. Selig and Elgad found9 that solutions of with positive shifts being downfield from CFCI5 .ia
Na104 in anhydrous HF contain HOIF4O, as well as other The mass spectra were recorded with an EAI Quad 300 quadrupole
unidentified fluorine species, and reported the gF NMR spectrometer at an ionization potential of 70 eV.
spectra of both isomers in HF solution. Gillespie and Preparation of CsIF4 02. In a typical experiment, CslO 4 (31.44
KrasznaiIO also listed chemical shifts for cis- and trans- mmol) was placed in a '/ 4-in. o.d. Teflon FEP ampule equipped with
HOIF 40, without specifying the solvent, and gave a coupling a stainless-steel valve. Anhydrous HF (20 mL of liquid) was condensed
constant of 21 Hz for the cis isomer, which disagrees with the into the ampule, and the mixture was stirred with a magnetic stirring
c oa t 2bar for 4 days at ambient temperature. Volatile products were pumpedvalues of about 220 Hz reported by others. "9,ii off overnight at ambient temperature and for an additional 2 h at
Experimental Section 50 *C. The solid residue (11.4 02 g. weight calculated for 31.44 mmol

Caution. Two explosions were encountered in reactions involving of CslF 40 2 11.564 g) was shown by Raman spectroscopy to still
FOIF 40. Most hypofluorites are shock-sensitive materials' and ap- contain some unreacted CsIO 4. It was treated again, as described
propriate precautions should therefore be taken when one is working above, with fresh anhydrous HF (15 mL of liquid). After the residue
with larger amounts of FOIF 4O. was pumped to dryness, the Raman spectrum of the solid residueMateriats, Literature methods were used for the syntheses of (I 1.532 g) showed cis- and trans-CsIF 4 0 2 as the principal products

NFSbF6.,2 IFsO,13. 4 and CIOSO2 F.is CslO 4 was prepared by slowly and only a trace of unreacted Cs1O 4.
combining, with stirring, stoichiometric amounts of concentrated A total of eight preparations were carried out in a similar manner,
aqueous solutions of CsCI and Na104. The mixture was cooled to with use of shorter reaction times, slightly higher reaction temperatures
0 0 C, and the CslO4 precipitate was filtered off, washed three times (-50 0C), and rapid HF removal at elevated temperature. The
with ice water, and dried/or 16 h in an oven at 110 *C. Its vibrational conversion of CsIO 4 to CsIFO 2 after the first HF treatment was
spectra showed no detectilble impurities. Bismuth pentafluoride (Ozark generally in the range of 75-90%, and the Raman spectra showed
Mahoning Co.) was used as received. BrFs (Matheson) was treated the presence of some unreacted CsIO4 . This unreacted CsJO 4 was
with 35 atm of F2 at 200 °C for 24 h and then purified by fractional readily converted to CsIF,O 2 by repeated treatment with anhydrous
condensation through traps kept at -64 and -95 °C, with the material HF: however in most cases, repeated HF treatments resulted in a slight
retained in the latter being used. Hydrogen fluoride (Matheson) was weight decrease and the appearance of bands due to HF2- (infrared
dried by treatment with 20 atm of F2 at room temperature, followed 1435 s, be, 1228 ms cm-'; Raman complex band at 790-740 cm-' with
by storage over BiF5 to remove the last traces of H 20." CIF 3  maximum at 759 cm'). This is caused by the solvolysis of CsIF 402
(Matheson) and CIF5 (Rocketdyne) were purified by fractional in anhydrous IHF and the volatility of the resulting HOIF 40 (see
condensation prior to their use. below). The ratio between the cis and trans isomers of CsIF 40 2 varied

Apparatus. Volatile materials used in this work were handled in somewhat for the different preparations, with the trans isomer being
either a Monel-Teflon FEP, a stainless steel-Teflon FEP, or a Teflon slightly favored at the lower and the cis isomer being somewhat favored
PFA vacuum line. The last was constructed exclusively from injec- at the higher reaction temperatures.
tion-molded PFA fittings and valves (Fluoroware, Inc.). The an- The CsiO4 -BrF 5 System. Cesium periodate (2.453 mmol) was
hydrous HF was preferentially handled in the PFA or Monel line, placed in a passivated sapphire reactor equipped with a stainless-steel
whereas the halogen fluorides were handled mainly in a steel line. valve and a magnetic stirring bar. Bromine pentafluoride (14.99 mmol)
All lines were well passivated with CIF 3 and, if HF was to be used, was added at -196 0 C, and the mixture was allowed to react during
with HF. Nonvolatile materials were handled in the dry nitrogen warm-up to room temperature. A fast reaction with gas evolution
atmosphere of a glove box. Metathetical reactions were carried out occurred, which was moderated by intermittent cooling with liquid
in HF solution using an apparatus consisting of two FEP U-traps N2. %fter completion of the warm-up cycles, the mixture was stirred
interconnected through a coupling containing a porous Teflon filter at 20 'C for 24 h, resulting in a clear, pale yellow solution. The Raman
(see Figure I of ref 17). For N MR or low-temperature vibrational spectrum of this solution showed the presence of BrFs, BrF 3O, and
spectra, the second FEP U-trap, which served as a receiver, was IF40 2 (mainly trans with a small amount of cis isomer). The solution
replaced by either a 4-mm Teflon FEP or a thin-walled Kel-F tube. was kept at 22 *C for 4 days and then cooled to -196 OC. The

Infrared spectra were recorded in the range 4000-200 cm- I on a materials volatile at -196 °C consisted of 1.92 mmol of oxygen. The
Perkin-Elmer Model 283 spectrophotometer. Room-temperature materials volatile at 22 °C were separated by fractional condensation

and identified by Raman spectroscopy. They consisted of unreacted

(I I) Engelbrecht, A.; Peterry, P. Angew. Chem., Int. Ed. Engl. 1969, 8, 768.
(12) Christe, K. 0.; Schack, C. J.: Wilson, R. D. J. Fluorine Chem. 1976, (18) Plyl-r. F K Danti. A.: Blaine. L. R.: Tidwell. E. D. J. Res. Natl. Bur.

8, 541. Stand., Sect. A 1960. 64, 841.
(I3) Schack, C. .; Pilipovich. D.; Cohz. S. N; Sheehan, D. F. J. PhYs (19) Internationa) I nion of Pure and Applied Chemistry, "Tables of

Chem. 1968, 72, 4697. Wavenumbers for the (alibration of Infrared Spectrometers": Butter-
(14) Holloway, J. H ; Selig, H., Claassen, H. H. J. (hem Phys 1971, .54, worth, Washington. D.C., 1961.

4305. 120) CIdldsscn. II II; Sclig, H ; Shamir, J. AppI Spectrosc. (Engl. Ttansl.)
(15) Schack, C. J; Wilson, R. D. Inorg Chem. 1970. 9, 311 1969. 23. 8
(16) Christe, K 0.: Wilson, W. W.; Schack, C. J, . Fluorine (hem 1978. (21) (a) Pure .4pp (hem. 1972. .9, 627. (b) Toetsch. W; Sladky, F.

I. 71 Sevcnih Furopami S)mposium on Fluorine Chemistry, Venice, Italy,
(I 7) Chnste, K. 0., Schack. C. J. Wilson, R. 1). Inorg (hem 1977, 16, 849 Sept 1980, Papcr I I1. J Chem Soc., ('hem. ('opmun. 19"0, 927.
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BrFs (9.9 mmol) and a mixture of BrF 3 and BrF30 (found 682 mg, analyzed for total iodine by energy-dispersive X-ray fluorescence
caled for 3.84 mmol of BrF3 + 1.06 mmol of BrFO 688 mg). The spectrometry, for IO- by iodometric titration, for base consumption
solid residue (found 804 mg, weight calod for 2.453 mmol of CsIF 40 2  by back-titration with 0.1 N HCI using a pH electrode and for fluoride
787 mg) was shown by Raman spectroscopy to consist mainly of by titration using La(NO03 and an Orion specific-ion electrode. Anal,
trans-CsIF40 2, CsBrF 4, and smaller amounts of cis-Csl F40 2, and Calod for FOIF40: I, 49.98; F, 37.42; OH- consumed, 6.0 equiv/mI
possibly some solvated BrFjO. Vacuum pyrolysis at 90 *C resulted iodometric titration. 8.0 equiv/mol, with the assumption of the by-
in a solid residue consisting again of trans-CsIF40 2, CsBrF4 and a drolysis reaction FOIF 40 + 6OH - 1O4- + 5F + 0.502(g) + 3H20.
small amount of cis CsIF 40 2 and also in the evolution of some IF 5  Found: 1. 50.0; F, 36.0; OH- consumed, 6.1 equiv/mol; iodometric
(-8 weight %). titration, 7.8 equiv/mol.

The CaIO 4-CIF 3 System. A well-passivated (with CIF,) sapphire Systhesis of CIOIFO. A 30-mL stainless-steel cylinder was loaded
tube equipped with a stainless-steel valve and containing a Teflon- with 2.32 mmol of CsIF 4O 2, and 2.12 mmol of CISO3F was added
coated stirring bar was loaded with CslO4 (1.14 mmol), followed by at -196 *C. After the cylinder was kept for 5 days at -78 °C, the
CIF 3 (10.6 mmol). The liquid CIF3 and solid periodate were stirred volatile products were removed from the cylinder. The solid residue
magnetically overnight at 0-20 *C. This resulted in a clear, very pale was identified by vibrational spectroscop) as CsSO3F. The volatiles
yellow solution. Upon removal of the volatile material and several were fractionated through traps cooled to -45, -78, and -196 QC.
hours of pumping at ambient temperature, a white powder (0.493 The lowest temperature fraction (0.77 mmol) was mainly C 2 together
g) remained in the tube, which was identified by vibrational spec- with some FCIO,, while the -45 *C trap contained a white solid, which
troscopy as a mixture of CsF-31F, and CsCIF 4 (weight calculated for melted above 0 0C and which was identified by its infrared spectra
the conversion of 1.14 mmol of CslO 4 to 0.38 mmol of CsF.31Fs and as IF,. The -78 *C trap contained a yellow-orange solid, which on
0.76 mmol of CsCIF4 was 0.497 g). The volatile materials consisted slight warming melted to an orange liquid. Its gas-phase infrared
of CIF, FCIO, and unreacted CIF3. spectrum was recorded at 25 0C and showed the following bands (cm;

The CsIO 4-ClF5 System. When CsIO 4 was allowed to interact with relative intensity, assignment): 912 m, I=() stretch; 763 mw, O-Cl
a large excess of CIF5 in a stainless-steel reactor at room temperature, stretch 678 vs, 635 s, 532 mw, I-F and l-O stretching. The
the composition of the solid reaction product depended on the reaction compound was found to be thermally unstable and very difficult to
time. After short reaction times (about several hours) the solid handle. It readily decomposed to IFs, and its synthesis required careful
consisted, on the basis of its weight change and Raman spectra, mainly temperature control. When the synthesis was carried out for example
of unreacted CslO 4 and smaller amounts of trans-CsIF 40 2. After at -45 *C, only decomposition products were obtained. Attempts
longer reaction times (in excess of I month), the solid consisted mainly to isolate fluorocarbon derivatives of CIOIF 40 by adding it across
of CsIF8 and trans-CsIF 40 2 and some CsIF 40. the C==C double bond of C2F4 resulted at -78 @C in no reaction and

The CslO4-F 2 System. The fluorination of CslO 4 with elemental at room temperature in the oxygenation, fluorination, and decom-
fluorine in a static system at temperatures up to 60 *C resulted in position products COF 2, CF3COF, CICF2COF, C2FCI, and IF,.
a solid product, which, on the basis of its vibrational spectra, was a Results and Discussion
mixture of mainly CsIFs, CsIF 6, and CsIO 4 with smaller amounts
of CsIF 40 and cis- and trans-CsIF 402 also being present. Synthesis of CslO2 F 4. In our work the known' equilibrium

Synthesis of HOIF40. Ina typical experiment, CsIF4O 2 (2.0 mmol) 104- + 4HF - IF40 2- + 2H20
and BiF, (2.0 mmol) were placed in a passivated Teflon FEP U-trap
containing a magnetic stirring bar. One arm of the trap was closed was utilized for a convenient synthesis of CsIF40 2. So that
off by the stainless-steel valve, while the other one was connected this equilibrium can be shifted to the right, a large excess of
through a porous Teflon filter to a second Teflon U-trap, which was HF must be used and the HF treatment must be repeated at
capped off by another valve. Anhydrous HF (5 mL of liquid) was least once. The resulting CsIF4O 2 consists of a mixture of the
condensed into the U-trap, and the CsIF 40-BiFs-HF mixture was cis and trans isomers, as shown by "F NMR and vibrational

stirred at 25 °C for I h. The double U-trap assembly was cooled to

-78 *C and inverted, and the HOIF40-containing HF solution was spectroscopy (see below). The ratio of cis to trans isomer varies
separated from the CsBiF 6 precipitate by pressure filtration. The HF somewhat with the reaction conditions used, but the formatio
solvent was pumped off at -45 and -13 *C. The residue was allowed of the cis isomer appears to be slightly favored. The 'IF NMR
to warm to ambient temperature, and the material volatile at 25 OC and Raman spectra were recorded for solutions of CsIF4 O2was collected at -78 0C in a 4-mm o.d. external Teflon U-trap. This in anhydrous HF and CH 3CN. Whereas the CH 3CN solution

trap was shown to contain HOIF40 (-2 mmol), which was identified spectra show the presence of the IF 40 2- anion, the spectra of
by its Raman and "F NMR spectra. The filter cake (0.9 g) was the HF solutions are characteristic (see below) for those of
identified by its Raman spectrum as CsBiF6. HOIF 40. This finding is in excellent agreement with the

Synthesis of FOIF.O. In a typical experiment, CsIF 402 (5.0 retool) previous report by Selig and Elgad' that solutions of NalO4
and NF4SbF 6 (5.0 mmol) were placed in the Teflon FEP metathesis in anhydrous HF contain HOIF 40 and the report by Engel-
apparatus (see above), and anhydrous HF (5 mL of liquid) was brecht and co-workers6 ,7 that HOIF40 interacts with alkali-
condensed in at -78 0C. The mixture was stirred for I h at room metal fluorides to form IF40 2- salts. Consequently, the above

- . temperature. The apparatus was cooled to -78 *C and inverted, and
the white precipitate was separated from the solution by pressure equilibrium reaction involves at least two reactions, the first
filtration. Most of the HF solvent was pumped off over several hours being
at temperatures ranging from -64 to -30 *C. The resulting white +HF
solid residue was allowed to decompose during slow warm-up from 104- + 6HF - HOIF40 + HF2 + 2H 20
-30 *C to ambient temperature. The volatile products were passed
through a Teflon U-trap containing passivated NaF pellets, followed and, upon HF and H 20 removal, the second being
by a series of cold traps kept at --78, -95, -112, and -210 OC. The -HF
-78 *C trap contained a small amount of unidentified material, which HOIF4 0 + CsHF2  CsIF 41 2 + 2HF
was discarded, the -95 *C fraction consisted of pure FOIFO (2.36
mmol), the -112 °C trap had 1.69 mmol of FOIF4O containing a The intermediate formation and the slight volatility of
small amount of IF5O as an impurity, and the -210 °C trap contained HOI F40 also explain why in some of our CsI F40 2 prepara-
NF, (4.0 mmol). A small amount of white solid residue, which was tions, when the HF was rapidly pumped off at elevated tern-
left behind after the thermal decomposition of the filtrate, was shown perature, a weight loss accompanied by some CsHF2 formation
by vibrational spectroscopy to consist mainly of trans-CsIF 40. The was observed.
filter cake (1.8 g) was identified by Raman spectroscopy as CsSbF6. The above synthesis of Cs] F4, 2 from CslO 4 and HF appears
The -95 OC fraction was used for the characterization of FOIF4O
and was shown by vibrational and "IF NMR analysis to be free of more convenient than the previously reported methods in-
IFO. volving either the difficult to obtain IF30 2 as a starting ma-

For the elemental analysis, 278.7 mg of the material was condensed terial or the isolation and recrystallization of MIF402 -,2IFS
at -196 OC into an ampule containing 12 mL of frozen I N NaOH. from IF., followed by its pyrolysis. However, the latter method
The mixture was warmed to ambient temperature for 12 h and then produces almost exclusively the trans isomer and might be the
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trans-lF402- (bands marked by their frequency values) and smaller 1000 800 600 400 200 0

amounts of cis-IF 40O-. Trace A is an infrared spectrum o the sold FREQUENCY. cm
"1

as a dry powder prsed btween AgCI disks; the broken line indicates

absorption due to the window material. Trace B is a Raman spectrum Figre 2. Vibrational spectra of a CsF 402 sample containing mainly

of the solid. Inserts C are Raman bands of the CH 3CN solution, cis-F 4O0- (bands marked by frequency values) and smaller amounts

recorded with parallel and perpendicular polarization, of tran-F 40 2 - (marked by t). Trace A is an infrared spectrum of

the solid as a dry powder prssd between AgCI disks. The weak bends
preferred method if pure trans-IF4 O2- is desired. The fact that at 815 and 470 cm- probably do not belong to IF40O-. Trace B is

the cis-trans isomer ratio strongly depends on the nature of a Raman spectrum of the solid. Traces C are Raman spectra of a

the reactants suggests that this ratio is kintically and not CHCN solution. Solvent bands are marked by an asterisk.

thermodynamically controlled. This conclusion is in excllnt oxygens in 10O- were exchanged for fluorine, and the solid

agreement with those reached by Totsch and Sladky for the product consisted of a mixture of CsF 6 .21 F 2 and CsCIF4.2 "

closely related TeF4(OH) system.21b Based on the observed material balance, the following reaction

An alternate method for the formation of CslF 402 involves occurred:

the reaction of CslO4 with BrF. The main reaction can be 3l CF
described by3s14+IIF 

-

CslO 4  + 2BrF, -- CsIF40 , + 2BrFO 6 C O C F + 2 s I 4 + CI 6 2 F
The formation of CIF and of half of the FCIO2 can be readily

This reaction is analogous to that 10 previously reported for explained by the well-known 2 disproportionation of the ex-

* K[O4 + IF, i.e. pected unstable FCIO intermediate:

KIO 4 +21F, - KIF 40 + 21F 3O 2FCIO-. FCIO + CIF

-24

and produces almost entirely the trans isomer. Compared to The fluorination of CsO 4 by elemental fluorine at temn-

the IF reaction, the BrF reaction offers the advantage that peraturs up to 60 °C in a static system was also studied. The

the BrFO and BrF byproducts are volatile and can easily be main products were CsiF 8 and CslF, with CsIF40 and cis-

pumped off. However, the resulting product was contaminated and trans-CsF 40, as minor products.

*by nonvolatile CsBrF4, which could not be readily separated In view of the fact that the fluorination reactions of CsO 4

from the CsIF40. with CIF, BrF, CIF, or F2 do not result in pure compounds,

The reactions of CsO 4 with chlorine fluorides were also they are less attractive synthetic methods for the preparation

briefly studied. With CIF, tran-CsIF402 was formed in low of Csl F402.

conversion according to Vibrational Spectra of CsF 402. The vibrational spectra of

]CslO 4 + CIF - CslF 40 2 + FCIO, solid CslF4O were recorded for samples that differed in their

I'i Attempts to achieve higher conversions by the use of longer cis and trans isomer content. The observed spectra are given

reaction times failed due to the formation of Csl F 8 as the main
poutadof CslF40 as a minor product. (22) Christe. K. . Inorg. ('hem. 1972. II, 1215

product C wa e l c d b t e m r e c iv I on (23) Christe, K 0 .Saw odn,. W 7. Anorg .411g Chem 1970, 374. 306.

i[ e n ceriof tesO was relcdb h o ried retverC, com-th (24) cpcr, T. D.; I)ost. F. N.: Wang C. H J Iog. Nuc. Chem. 1972.

lhh, 3564.
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Table II. Vibrational Spectra ol cts-lFO 2

obsd freq, cm -', and rel intensa

-- approx
so lid CII ,CN sin assiant for description

- Ig Raman Raman point group C", of mode
F . M O 875 vS 875 870 sh v, (B2) U(IOI)

.xS-.0 0,4 14 855 vs 856(10) 851 (9) p v, (A,) r(JO )0 , .EI..Ia 600 vs, br v, (B,) (lF )ax,

600 vs. br 605 (9.8) 609 (10) p v2 (A.) us(li':Ieq
550 mw 552sh s5 4 0

(tO)p v(A,) &$(IF,)ax
395 sh 394 (3.4) v. (A,) 6 sci (1 O:)

Q " Zr Z Z: z 364s 365 sh 355shE ; 328 mw 332 (6.5) 335 sht

f1 a 235 (0.2)
< 0 210 (0.5)

. Uncorrected Raman intensities (peak height).

2 E~ E ti
g' in Figures I and 2, and the observed frequencies and their

0 C assignments in point group D4h and C2,

- E

C0 . . . D.,,, trans (2', cis
E Z~

g- .0 are summarized in Tables I and 11, respectively. The bands
,71 o , - c belonging to the trans isomer could be readily distinguished

from those of the cis isomer due to the fact that only the trans
.2 - isomer has a center of symmetry, which causes the infrared
U E > " and Raman bands to be mutually exclusive. Furthermore, the

0-- 01 .2 'IF NMR spectrum (see below) clearly distinguished the trans,0 from the cis isomer and established which isomer was more

o abundant in a given sample.
+ 6 Assignments and Normal-Coordinate Analysis for trans-

E -2 IF40,2 . The trans-IF 40 2- anion of symmetry D4j should
, . possess II fundamental modes classified as 2 AI + 2 A25 +

B + B 2 + E, + 3 E5 . Of these, the A, , B2, andU E, nodes should be Raman active only an th nd E,,

C4" modes should be infrared active only, whereas the Ban, modeZ. should be inactive in both spectra. Of the 10 active modes,
7- all five Raman-active modes and three out of the five infra-

- , red-active modes have been observed and can be readily as-
-signed on the basis of their activity, polarization data, and

,.. 't C comparison with the closely related species IF4- F,O- 2

n, and IFO'429 (see Table 1). The correctness of these
assignments was confirmed by a normal-coordinate analysis

b- using the symmetry coordinates and G matrix elements pre-
-- E viously published3" by Beattie and co-workers. The bond

., distances were estimated to be rjF - 1.92 A and djo = 1.7200 A. on the basis of the known structures and stretching fre-
quencies of the related IF50 4

2'.
' and 1F3

2
7'

1-3 molecules and
the 1I40 anion.6.33 The force constants of the BI., B2, and

" - -- E species are uniquely determined. In the A,, block, the G12
S- 00 -element is zero, and therefore F12 can be ignored. For the A2u

block, the extremal solution' F4 = minimum was used, which
'n "0 " <has previously been shown 3 for the closely related 1F4-anion

S -_-. (2S) Chrite, K. 0; N.tumnn, D. Inorg. Chem. 1973. 12, 59

E. (26) ( iuriste, K. 0. Wilson. R. D.; Curtis. E. C.; Sawodny. W.. Kuhlmann,
Z. - . - W Inrg. (hem 1978, 17,533.

" 0 E (271 Bcun, M.; Fletcher. W. H.; Smith, D. F. J. Chem. Phys. 1965. 42,

•2 "(281 schig, It , ti,,man, A Isr. J Chem. 1%9, 7. 417.
SN' ) ,iimk 1) 1I ,R.eun. i N J. ('hem PhVs 1965. 43, 2001.

•1 .0) Bieamicw. I R ; tccr. I ; (hanitr,, G. W J. (hem. Soc. 1964, 6172.
-1" J, " iM Pi¢t,v, S H.( , . ,]I. C. D.J. Chem. Phys. 1%7, 47, 1731.

, " .f". K, t'_ I ,h,,, ,, isi,ik.N, R. I . Brier, P. N. J.Chem.Soc. D 1971,

7 1 i i , k H . .,iprc. I .4Ata 'rt oallgr., Sect. 8 1972. 028,979.
t U ', ,. r \\ .1 Il, N .1e5, tros.. 1%9, 30. 56.
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Table Ill. Symmetry Force ConstantsO of tranu-F 40 in highly electronegative compounds.

Ali P, 569 FI =fr + 2frr + frr' 3.623 Assigulmenls for cis-lF40 2 . Our assignments for cis-lF 40 2-
v, 824 F,,=ffa +fac, 6.400 have been limited to the stretching modes because only 10 of

AMu a' 885 Fs,=fd - fdd 5.903 the 15 fundamentals expected for point group C, have been
v. 349 F.4 =J + 2O +ftO' -AP" - 240 -fAPPt 1.700 observed and because no reliable assignments have been

F,o = 2fdp - 2f' -0.036 published for similar XF 40 2 species. The assignment of the
B,5 a, 555 Ff=I,- 2fr +frr' 3.4two 102 stretching modes is straightforward on the basis of

6 B,2 9 255 F, = f-y - 2f-,- + f-y-y' 0.671 their high frequencies, relative intensities, and the previously
B2u V, F, = fp- 2fpp + f-' - foo" + 2f/p° -fpp t published 18O spectra.' The symmetric IF 2 axial and the
Eg a s 380 F..=fp-fpp' -fp" + fppt 1.201 symmetric IF 2 equatorial stretches must belong to the two
Eu  a, 590 Fo,=fr'r' 2.998 intense polarized Raman bands at 540 and 609 cm -', re-

a stretching constants in mdynlA, deformation constants in spectively, with the axial mode resulting in a weak and the
indyn Ajrad3, and stretch-bend interaction constants in mdyn/rad. equatorial mode resulting in a strong infrared counterpart. The

antisymmetric axial and the antisymmetric equatorial IF 2

to be an excellent approximation to a general valence force stretches should both be very intense in the infrared spectrum

field for these weakly coupled systems. For the E block, only and therefore are assumed to coincide at about 600 cm - ,

the frequency value of the stretching mode is experimentally resulting in a very strong, broad band.
known. A comparison with the force field of the related IF4  Comparison with Previos IF40 2- Assignments. Disregarding
anionZS..showed that, due to the heavy iodine central atom, the some solvent-induced shifts, we find the above assignments
apo~nshowethato due to theG hyidine cenostraactomae for cis-IF40 2 agree well with those previously reported9 by
appro*Imation F" = X/G" yields an almost exact value for Seian gdfoanquusoltn.T nymnrSthe stretching force constant in the E., block and was therefor Selig and Elgad for an aqueous solution. The only minor

hused for sing force eld s teeforTable discrepancy is the assignment of the antisymmetric axial IF 2usdfo F402-. The resulting force field is listed in Tbe stretch. For trans-IF,02 , the assignments proposed by Gil-, ~~III and strongly supports our assignments. Table IV gives a srth o rn-F0,teasgmnspooe yGlcomarisong oft itrasrent force onstans o lespie and Krasznai for six of the modes have been revised forl comparison of the internal stretching force constants of

trans-IF40 2- with those of the closely related species IF 4-,
25  three of them. The vibrational spectra reported by Carter et

1F40-,2 IF, 35 IF 5O,2 and IF6 .36 As previously discussed 3  al.8 show that their sample contained mainly trans-1F40 2- but
consants was incorrectly interpreted in terms of the cis isomer.for chlorine oxyfluorides, the IF stretching force constantsvwiinc ect r of The prsen a

increase in the sequence anions < neutral molecules < cations NMR Spectra of EF402- and HOIF40. The presence and
and within a given group with increasing oxidation state of the relative amounts of cis- and of trans-fF 4 0 2 in the above
the iodine central atom. The 10 stretching force constants samples were verified by '9 F NMR spectroscopy. The spectra
are in the range expected for 1=40 double bonds and dem- were recorded in CH 3CN solution at -70 *C and showed a
onstrate that, even in the anions, the formal negative charge narrow singlet at 4 65.1 for the trans isomer and a broader
is located mainly on the more elctronegative fluorine ligands A2B2 pattern at 0 66.0 and 112.8 with JFF = 204 Hz for the
isrlated mhan on the oe leCronsete fuori ians cis isomer. The observed shifts and coupling constant are in
rather than on the oxygen ligand. Consequently, contributions fair agreement with the value previously reported for solutions
from resonance structures such as I and II are more important in CH 3CN (trans 4 62.0),0 IF5 [cis 4 68.5, 102.1 (Jw = 202

0 o Hz); trans 4 70.6], and aqueous HF [cis 4 64, 105 (JF = 196F 1 I 1 ,F F_ F- H z) I.'
1-11II.F Solutions of CsIF 40 2 in anhydrous HF at -75 °C resulted

F"11 F" F/ IF in a sharp singlet at 4 62.0 and a broadened A 2B2 pattern at
4, 61.8 and 85.9 with JFF = 220 Hz. At room temperature,
the A2B2 pattern was broadened to the extent that it could

than those from III and IV to explain the bonding in 1F4O2-. barely be detected. Although these spectra are similar to thoseof IF 40 2-, it was conclusively shown (see below) by Raman
o_ j spectroscopy that they are due to cis- and trans-HOIF40 and

F F FIJ,, not to 1F40 2-. This finding is in excellent agreement with the
F/l[ F F - I -,, conclusi,)n 9 reached by Selig and Elgad that their signals I

0 s rand 2 observed for solutions of NalO4 in HF are due to cis-

and tras--HOIF 40. The observed chemical shifts and coupling
EI V constant are in fair agreement with previous reports,6. ,.1

Resonance structures such as I and II also account for the considering the different solvents and conditions used for re-

decrease of the IF stretching force constants with increasing cording the spectra. The coupling constant of 21 Hz previously
formal neyative charges and also with decreasing oxidation reported by Gillespie and Krasznai' appears to be a typo-
state of the central atom. Both effects increase the 1'+-F6-  graphical error.

polarity of the IF bonds, thereby causing the bonds to become Synthesis and Properties of HOIF4O. The above described
more ionic, longer, and therefore weaker. This weakening of experiments involving CsIF 4 0 2 in HF solutions indicate the

the IF bonds can be very significant as is demonstrated by the existence of the equilibrium
+HFlow value off, in IF 4 , which is only 41% of that in IF6

+. The Csl 1:402 + 2HF I CsHF2 + HOIF 40
fact that the 10 stretching force constant drops from IF 40-
(6.56 mdyn/A) toward IF 40 2- (6.15 mdyn/A), in spite of an which, in the presence of a large excess of HF, is shifted all
increase in the oxidation state of the iodine atom, is interesting the way to the right side. In view of the lack of a convenient
and parallels the trends previously noted" for chlorine oxy- synthesis of HOIF 4 0,. 7 this reaction was utilized to prepare
fluorides, i.e., the electron-releasing effect of oxygen ligands HOI F4O. Since during HF removal the above equilibrium

___is shifted back to the left, the CsHF 2 was converted into an
(35) Christe, K. 0.; Curtis, E. C.; Wilson, R. D. J. Inorg. Nucl. Chem. insoluble BiF- salt according to

Suppl. 1976, 437. M
(36) Christe, K. 0.; Sawodny, W. Inorg. Chem. 19%7,6. 1783. CsIlF 2 + BiF 5 - CsBiF4
(37) Christe, K. 0.; Schack, C. ). Adv. lnorg. Chem. Radiochem. 1976, 18.

331. %hich can be filtered of[ at 78 *C. The resulting mixture
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Table IV. Stretching Force Constants (mdyn/A) of trans-IF.O;- Compared to Those of Similar Molecules and Ions

anions molecules cation
IF 4- (+111)0 IF.O- (+V)b IF40 - (+VII) Il', (+V)

c  IFO (+VII)d jF (catin

frOF) 2.22 2.46 3.27 3.77 4.42 5.42
LTr 0.18 0.16 0.04 0.04 0.00 -0.07
frr 0.47 0.45 0.27 0.38 0.18 0.19
fd(IO) 6.56 6.15 6.99
fdd 0.25

a Data from ref 25; iodine oxidation state in parentheses for all species. b Data from ref 26. c Data from ret 35. d Data from ref 29.
e Data from ref 36.

of HOIF40 and HF can be easily separated by fractional 671
condensation or distillation. 639

The 19F NMR spectrum of HOIF4O in HF solution was
recorded at -78 *C and was identical with that of the product 2900

obtained by dissolving CsIF 40 2 in HF (see above). The ratio
of cis to trans isomer in the HOIF 40 sample appeared to be
similar to that in the CsIF 40 2 starting material. It should be
pointed out that at room temperature the signal due to the cis
isomer can be so broad that it is difficult to detect, thereby _ _ _

giving the false impression of dealing with samples containing 3400 3000 26M04exclusively the trans isomer. 872
The Raman spectra of liquid HOIF40 showed some vari- 341

ation. Freshly prepared samples and HF solutions exhibited
spectra similar to that of trace A of Figure 3. After the
solutions were allowed to stand, the 872 cm band decreased
in intensity and bands at 828 and 799 cm -' started to grow. >
In addition the bands in the 600-700 cm - ' region became 6
broader and shifted to slightly lower frequencies, as shown by
trace B of Figure 3. On the basis of its 19F NMR spectrum,
a sample of HOIF40 in HF solution, which showed a Raman
spectrum very similar to that of trace A of Figure 3, consisted
mainly of the cis isomer. Whether the change from Raman
spectrum A to spectrum B involves a change in the isomer ratio
or is caused by association effects was not clearly established.

Synthesis of FOIF40. Previous studies have shown that 828
unstable NF4

+ salts containing oxyanions such as CIO4-
3 or 342

S03F - 4 can be prepared by metathesis in anhydrous HF so-
lution according to

HFB
NF4SbF 6 + CsXO 4 - CsSbF 6  + NF4XO4 ,

Thermal decomposition of these NF4
+ salts provided a new ,1

high-yield synthetic route to hypofluorites.3 4 Since no ex-
amples of iodine hypofluorites had previously been known, it 1000 800 600 400 20o
was interesting to examine the applicability of this method to 1 0 m 0

periodates. 
FREOUENCY, cmI

Since the 104 anion is fluorinated to lF 402- in anhydrous Figure 3. Raman spectra of liquid HOIF40, recorded in Teflon FEP
HF, as shown by the above studies and the prevk -is report by tubes at room temperature.
Selig and Elgad,9 the metathetical reaction of IC- itself could
not be studied. However, when 104- was replaced by IF40 2-, perature and slowly decompose to NF3

39,0 and a new coi-
, the following metathetical reaction occurred: pound identified (see below) as a mixture of cis- and trans.

HF FOIF 40. At the same time, the relative intensities of the NF4
+

K4 NF 4SbF6 + CsIF 40 2  - and HOIF40 signals decreased accordingly. When the HFL bF78 +C solvent was pumped off at -30 °C from a freshly prepared
CsSbFj + HOIF4 0 + NF 4HF N F4H F2-HOI F40 solution, a white solid residue was obtained.

The CsSbF6 precipitate could be easily filtered off at -78 *C, The low-temperature Raman spectrum of this solid showed
and Raman and 19F NMR spectroscopy of the filtrate showed the presence of the NF 4

+ cation, but the remaining bands were
the presence of NF4

+ 18 and HOIF 40 (see above) with no too broad to permit a positive distinction among IF402-.
evidence for the IF40 2 anion. This is in agreement with the HOIF 40, and possibly some HF 2-.nHF.3 The new compound
above results for CsIF 40 2, which demonstrated that MIF 40 2  FOIF 40 was obtained in high yield by decomposing at room
salts undergo solvolysis in anhydrous HI- according to temperature this thermally unstable solid, with the byproduct

MIF,0 2 + 2HF -- MHF 2 + HOIF40 being NF 3. Since the same products were obtained from HF
solutions that, on the basis of their 19F NMR and Raman

Raman and 19F NMR spectra showed that these NF 4 HF spectra, contained only HOIF 40 but not IF40 2 , it appears
HOIF 40-containing HF solutions are unstable at room tcn-

(39) Rose, W. B., Nebgen, J. W.; Metz, F. I. Rev. Sci. Instrum. 1966, 37,
(38) Christe, K 0; Guertin, J. P.; Pavlath, A. E.; Sawodny. W Inorg (hem. 238.

1967,6, 533. (40) Shamir, J.; Hyman, F I. Spectro,-hint. Aa, Part A 1967, 23A, 1899.
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that FOIF 40 is formed by fluorination of HOIF 40 by either - 8 1
NF 4* or nascent fluorine formed during the thermal decom- I 35 14

position of the marginally stable NF 4+HF2 .nHF.' Conse-
quently, it was interesting to investigate whether FOIF 40 could , - _ /

also be obtained by the fluorination of HOIF 40 with elemental
fluorine. However, fluorination reactions carried out at 25
*C with the use of either neat or HF solutions of HOIF 40,
2 atm of F2 pressure, and a shaker for agitation did not result
in any fluorination of HOIF 40, and only unchanged starting .zo.
materials were recovered.

Since the fluorination reactions of alkali-metal salts such
as CsSF5O, CsCF5 O, CsCIO 4, or KNO 3 with elemental . .- pp .. l1ppr
fluorine yield the corresponding hypofluorites,' it was inter- 00
esting to study the analogous fluorination reaction of CsIF 40 2. HO

In static systems up to 60 oC slow reactions between CsIF 402
and F2 were observed, producing IF 50 in low yield as the only
volatile product. Since IF50 is the primary decomposition
product of FOIF4O (see below), the intermediate formation
of some FOIF 40 in this reaction cannot be ruled out. Sim- A

ilarly, the fluorination of CslO4 with F2 under comparable
conditions produced small amounts of IF50 as the only volatile -,200

product. The Raman spectra of the solid residues from both I
reaction systems showed the presence of CsIF8,"' CsIF 6,22 cis- 2025 668and trans-CsIF 4O2, and CsIF 40. 6 The low reactivity of the 8

1-0 double bond in IF50 was further demonstrated by sep- -3
arate experiments, showing that F2 is not added across the 768
l=O double bond, even in the presence of CsF as a catalyst,

at temperature between -196 and +25 *C with the use of an

Properties of FOIF 40. As shown by NMR and vibrational 1 s
spectroscopy (see below), FOIF 4  exists in the form of two SOLID 176.0 174.8

isomers, one in which the two oxygens are cis and one in which O- oFO-- -IF4 -they are trans to each other. Attempts were unsuccessful to trans OIF 4OF cis OIF4 OF cit tran
separate the two isomers by gas chromatography at 25 oC
using a 30-ft, 3/, 6-in. o.d. stainless-steel column containing 50% Figure 4. F NMR spectra of cis- and trans-FOIF40 recorded at
Halocarbon oil No. 4-1 IV on Kel-F 300 (70-80 mesh). 42  different temperatures. The signals due to the 0-F fluorines are given
Consequently, the physical properties could only be determined at a 10 times wider scale than those due to fluorines on iodine. Positive
for a mixture of both isomers. On the basis of their IgF NMR shifts are downfield from the external CFCI3 standard.
peak areas, the ratio of cis to trans isomers in the sample used
for the physical property measurements was 1.92:1. FOIF 40 When a sample of FOIF40 has heated in a stainless-steel
is colorless as a gas, pale yellow as a liquid, and white in the cylinder to 120 *C for 388 h, decomposition to IF5 and 02 was
solid state. The given sample melted at -33.1 *C. Vapor observed. This is not surprising in view of a previous report' 3

pressures were fitted by the method of least squares to the that IF50 readily decomposed to IF 5 and 02. As expected for
equation a hexacoordinated iodine species, FOIF4O is neither a good

= 7.62925 - 1432.0/[T (K)] fluoride ion acceptor nor a good donor. Thus, it does not form
log [P (mam)] stable adducts at room temperature with either the strong

the index of correlation being 0.99991. The extrapolated Lewis acid SbF 5 or the strong Lewis base CsF. Attempts to
boiling point is 28.37 *C. Measured vapor pressures at the add FOIF 40 across the C=C double bond in C2F4 were un-

* noted temperatures are as follows [T (*C), P (mm)]: -45.3, successful. Fluorination and oxygenation of C2F4 occurred
22; 33.1, 47; -23.0, 80; -13.7, 129; ., 244. The latent heat with COF,, CF3CFO, and CF 6 being the principal reaction
of vaporization of FOIF 40 is,6.55 kcal/mol and the derived products.
Trouton constant is 21.73, indicating little association in the 9F NMR Spectra of FOIF 40. The IF NMR spectra of
liquid phase. This is in agreement with the relatively low FOIF 4O were recorded for the neat material and HF solutions
boiling point and the small changes between the vibrational and were essentially identical. The spectra of the neat liquid
spectra of the gas and the liquid (see below). The molecular and solid are shown in Figure 4, together % ith the observed
weight was determined from the vapor density and found to chemical shifts and coupling constants. Peak-area measure-
be 254.5 (calcd for FOIF 40 253.9). The good agreement mens showed that the 202 and 67 ppm signals belong to an
indicates little or no association in the gas phase at the pressure AX 4 and the 176, 175, and 77 ppm signals to an A2BCX
used (P I atm). system. The AX 4 system is readily assigned to the trans isomer

FOIF 40 is marginally stable at room temperature and can
be handled in well-passivated metal and Teflon equipment
without rapid decomposition. The fact that IF50 was fre-
quently observed as an impurity in the vibrational and NMR '-.

spectra suggests the primary decomposition mode I

FOIF40O - IFO + '/PO

_________________________________________ Thc chemical shift of 66.8 ppm of the four equatorial fluorines
(41) Adams, C J Inorg. Vuc Chem Lett 1974,. lo. 9. is almost identical with that in IF50 (68.5 ppm for neat IF50
(42) Dayan, V. H; Neale. C. B Adr. Chem Ser 1966, V, 54, 223 at 20 'C', and that of 202.5 ppm of the fluorine on oxygen

P-8



2112 Inorganic Chemistry, Vol. 20, No. 7, 1981 Christe, Wilson, and Schack

GAS FIP 40 "I~

a 921 2 F O IF4 0 79 7

7004
0 F F

I F 
3 O

F F F ez ~ ~ . ,

f

t t. cs73 , 6,3) 0790 FO 
F 0

rani; cis 92932

w .
93 0 0 1 900 120 71 7 3. 3 3 00 GN 64 70 6

7oKFigue 6. Infrared spectra of IFO and FO1F40 in a Ne matrix (MR1000:1).a eodda 0fl caeepnin h ad utou~ IF50 l ine the Fo IF4n e ctu re ma k d sya asrs k.e t h

Et .3 isis me

LIQUIDCY 
3m F 6150\F

i ~~Figure 
7. Vibrationa spectra of aIiFur o 0s and ta-FOIF40 inaNerui M

LIUI fil abtio the iodine. 1.9he Traes syte isd asige are therd prah

Figure 5. ba tin spor e tra of K.Ta mixture of ams-and setrasF I4 oflqi h Fsg a p rxm tsF, rtod rd ult( 8, FOIF O~~~~n ratio re about 1 .9: . aces A a ar c f r setro f sampes o trpes( = 4 z.Snec ul gsh ld esrn er og oa inin re ord e hat fe re rais of 10 and 95 m m , r ns t ly in so ers and also shuorins an un eo lthe d t IFs oi n e ( t a t 77 s pe c r m ) and-+ wi~~~~pth lthe l qi ppent woaiztho a rlll ind s Moserp ecuabr pthnioitrrtdnsbi gdu ot e s m r ihfe
be o 0 m Ii u o t e w n o m t r a . T a e C i n i f a e r o lvedo ar ou t eI - sina l e (a bo u t 20 2 J B p=  , w hich, spetu ofsimi0 sla te in ah s neo oterhy o turix su c a t io (MR) exhibits a ndronounced tmperato e e oed c . At e 40 heC
10 00 : S11 O an rec rde at ) , o6 K . Trac - F ( O ) a( R am a s pectra ofut o liqu ided th e O Fn si n l a p o im a t h eoes s m alor e d u let ( nd = h C XHT h e 40f ro r dne d oin e cm o ~d u ai n g tu b s a t , -2 0 3 4 fo r tw ia m ls o f t i l ts(n 4 H i c c o u p lin g b e o e b e v b e s h o ld b e s tr o nF g e r e too o dta g r e em e w t i ffe eth a tio s o f c is (c ) top re ai o s l ( t ri oe r t e d th e c s p e c t r u me eth a nb i t h r nfu e o n ," rdhrs efpe c t m c o u d
i simlr the ho sein o nsn oth ho u eq aoilfluorines suc as comp ter-a=14 ie anaysbingts mwill be re slved .o hbtan he s

i:' 1the two hypofluorite fluorines in trans-SeF4(OF)2.'1 The coupling constants. The fact that the unresolved fluorine on""broadened fluorine on iodine resonance and the lack of ob- iodine signal has a significantly larger line width for the cisservable fine Structure of FOIF40 is attributed to unresolved than for the trans isomer is not surprising because the cis-IF coupling (/1 = 5/2) due to decreased quadrupole relaxation isomer possesses three similar but nevertheless nonequivalentScaused by the approximately spherically symmetric electric types of fluorine on iodine.
Vibrational Spectra of FOIF40 and IF5O. The infrared

(43) Christe, Kr ., unpublished results. spectra of the gas and of the neon matrix isolated solid and(44) H larris. R. K .; Packer, K. J. J. Chem. S c 1962 .3077, the Raman spectra of liquid and solid FOIF40 were recordedI(45) Smith, I E ; Cady. G. H. Iorg Chem, 1970,.9. 1291 (see Figures 5-7), and the observed frequencies are summa-
I-9
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Table V. Vibrational Spectra of FOIF.O a 
. I I

obsd treq, n,', and rel intensb GAS

IR Ramantentative assignts to A

IRiquid, solid, to cis and trans
gas Ne matrix -- 20 'C -80 'C isomers F

1375 vw 2 x 688 F F
1315 w 2 X 655 F F

930.5 m 926 (2.9) p 924 (1.7) V(lF)tFs
916 s 920.2 ms 916 (4) p 914 (3.6) V(I=O)cisv(OtZn , 681

914 mw 890 (0.6) p 891 (0.4) 927 710 370o\
900 sh 901.2 m V(OF)ci5
701 sis 703.9 mn B

698.6s
693 vs 695.2 vs 695 sh 690 sh Vas(tF 4)trans Ne MATRIX

692.3 m 'astll2:)ax,cis MR 1000
688 vs 688.6 vs 680 (3.9) p 679 (3.3) "(l-iO)tra s 7K

686 sh
657.9 iln653s 656.3 1s 654 04.S) p 652 (2.9) v(l-O)cis  F4 679

631 (6) p 630 (5) vsiFs)ax,cas624 (9.2) p 622 (6.8) vs(IF,)t,&ns584 is 5901.9 Ins 585 (10) p 586 (tO) -(l:)qcsadItF
4

83.0 m w [ 575 sh 577 (4) ( a i:.)e , ci" n 6 7'9574.3 w S70 sh Va0*)q cis IF:
410.1 mwiF

,3 6 3 .7 I nls 6
l4 

0359.4 m 360 sh 358 (1)

S353.5 sh >
351.5 Ins341.2 m 340 sh 923

335 s 336.5 vs .= 0

334.2 sh 334 (5.4) p 333 (4) 339
315.7 mw LIQUID 372 302
308.5 m 311 (0.4) p 311 (0.4) c

295.5 mw
291 (0.7) 291 (1) 140o 1200 0D 8o 600 40o 200 0

264 (1) p 263 (0.8) FREQUENCY. cm 1

205 (0.1) 203 (0+)
182 (0.9) p 183 (0.6) Figure 8. Vibrational spectra of IF50. Trace A is infrared spectra

Mixture of cis and trans isomers. b Uncorrected Raman inten- of the gas, trace B is an infrared spectrum in a Ne matrix, and trace
sities based on trace E of Figure 5. C is a Raman spectrum of the liquid. All were recorded under

conditions identical with those of Figure 5.

rized in Table V. The studied samples were mixtures of cis- Table VI. Mass Spectruma of a Mixture of cis- and
and trans-FOIF4O with a cis:trans ratio of about 1.9 based trans.FOF,O
on the NMR spectra and, in the matrix study, also contained n/e tel intens ion m/e rel intens ion
a small amount of IFO, formed during manipulation of the
sample. Since the vibrational spectra of cis- and trans-FOIF40 219 72 IF.O 165 18 IF2203 100 IF. 162 38 lO1"and of IF5O (see Figure 8) are all very similar, the gas-phase 200 32 IFO 146 15 I r
infrared spectra are only of limited value for distinguishing 184 18 IF,' 143 7 tO1
the three compounds. However, the Raman spectra of the 181 73 IFiO- 127 38 I.
liquid and solid and particularly the infrared spectra of the 178 1 102F"
matrix-isolated samples definitely confirm the presence of the 0 Recorded with an ionization potential of 70 eV, with the use
two FOIF 40 isomers established by the 9 F NMR study. of a 1:1 mixture of FOIF4O and CIF,. Peaksdue toCIFand
Some distinction of the cis from the trans isomer bands was IF O have been subtracted from the pattern.
possible from a comparison of spectra of samples having
different cis to trans ratios (see for example traces D and E
of Figure 5). molecules difficult. These problems were overcome by re-

Tentative assignments for the stretching modes of cis- and cording the spectra of pure IF 50 under the same conditions
trans-FOIF40 are given in Table V and were made by com- and subtracting the IFO pattern from that of the FOIF 4O-
parison with those established for IF50'429 and IF40 2 (see containing sample. The interference from 12 was eliminated
above), relying mainly on the observed relative infrared and by recording spectra of 1:1 mixtures of CIF 3 and FOIF 40. The
Raman intensities. CIF 3 oxidiied 12 rapidly to iodine fluorides but did not appear

The vibrational spectra observed for IF50 are in excellent to interact with FOIF 40. The mass cracking pattern obtained
agreement with those previously reported, 4 29 except for the in this manner for FOIF 40 is listed in Table VI and agrees
fact that our spectra do not show a strong infrared band at with the expectations 4 for a hypofluorite. The I-OF single
640 cm '. As previously suggested,29 this band is due to IF5, bond is readily broken to yield an intense IF40 fragment,
the principal decomposition product of IF50. which can undergo additional oxygen and/or fluorine loss.

Mass Spectra. The recording of the mass spectrum of Synthesis of ('10IF 40. Since FOIF 40 was found to be
FOIF 40 presented difficulties due to reaction of the compound stable, the synthesis of the analogous hypochlorite, CIO1F 40,

with the inlet system, resulting in the formation of some IF50. appeared feasible. Using CsIF 40 2 and CIOSO 2F, a generally
Furthermore, 12 has almost the sam mass (253.8) as the
parent FOIFO (253.9) thus making a distinction of the two (46) 1u,',n. J I . Studier. M H J. Flurine ('hem. 1979, 13. 235.
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useful reagent for the syntheses of hypochlorites,41 the synthesis and NF4+SO3F- 4 salts were shown to be the actual interme-
of CIOIF4O was accomplished according to diates. FOIF 40 is the first known example of an iodine by-

pofluorite and exists as cis and trans isomers, It is a stable
CsIF40 2 + CIOSO 2F -7s C CsSO 3F + CIOIF40 compound and was thoroughly characterized. The analogous

The resulting CIOIF40 appears to be highly reactive, difficult hypochlorite, CIOIF40, was also prepared for the first time

to handle, and thermally unstable. Consequently, the corn- but, as expected, is considerably less stable than FOIF 40. The

pound could not be well characterized. The main evidence reaction of CslO4 with HF was found to be a convenient

for its existence is the infrared spectrum of the gas, which is synthesis of CsIF 40 2, which, by reaction with BiF s in HF, can

similar to that of FOIF 40 except that the O-F stretch is readily be converted into HOIF 40, thus providing easy access

replaced by a band at 763 cm -', characteristic of an O-CI to tetrafluoroperiodates. The bonding in trans-IF40 2- was

stretch," and the 1==O, IF, and 1-0 stretching modes are studied by vibrational spectroscopy, and the results of a nor-

shteh nd tslighly lor fequenci. Te scompound decom- mal-coordinate analysis are in excellent agreement with theshifted to slightly lower frequencies. The cmondeo- trends previously established"7 for chlorine oxyfluorides.

poses to IF5, and attempts to add it across the C=-C double

bond of C 2F4 did not result in stable adducts. Acknowledgment. The authors are grateful for financial
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+ salts of either support by the Office of Naval Research, Power Branch, and
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Properties of Azidotrifluoromethane

KARL 0. CHRISTE" and CARL, J. SCIiAC K

Rece'ived August 29, 1980

The infrared spectrum of gaseous and thc Raman spectrum of liquid CFN I were recorded A total of 14 fundamental
vibrations out of 15. expected for a model of symmetry C, with hindered rotation, were obsersed and a-,agned The t.V.
"F NMR, and mass spectra were also recorded and confirm the presence of a covalent anido group The melting poitt
and vapor pressure curve of CFN 1l are reported.

Introduction The mass spectra %here recorded ith .o' LAI Qu.d 300 quadrupolc

Although the existence of CF3N, has been known for almost spectrometer at an ionization potential of 40 i:V.

2 decades,' very little is knovwn about this interesting molecule. The UV spectra were recorded on Car) Model 14 spectrophotometer
using a stnluss-stcel cell of 10-cm path length equipped with sapphire

In 1961 Makarov and co-workers mentioned' that CF 3N, is windows.
formed during the chlorination of Cf- NNNH2. and in 1968 Sytbesis of CF),N. A 2(10-ml. glass ampule containing a stirring
they described its synthesis in more detail.2  Hiowevier, the bar was loaded with 78.1 mmolofN,11,and 40ml. of CHOH. stifed
compound was only characterized by elemental analysis, its and cooled to0-78 *C. After removal of air. CFN0 (83 mmol) way

ertis t elevated temperature.' No further information on solution. Trifluoronitrosomethane in the vapor phase was rcmoied.
boilng oin, an i tatmentconernng is eploive rop bld into the caded amule during 2. ht rhestinge in a blugren

CFN1could be found in the literature. This is not surprising adC 2 wsadd(8mo uig2h otesird7 Cslto
iviwof the explosive character generally exhibited by co. giving a ltght yellow liquid phase. The solution was allowed to warm

valet aide.' 4  n vew f tis puciy o dat, aehaac- slowly, and the gas generated was passed through a coarse glass frit.
valet aides'-'In iew f tis auciy o daa, achaac- Najil scrubbeLr. In 4 ht approximately 76 mmol of crude C'F3.N

terization of CF3, was carried out, the results of which are passed the scrubber. Final purification was effected by fractional
sunmii id in this paper. condensation through traps cooled at 78. 126. -142. and -196 *C.

Ex.perimental Section The -196 0C fraction was mainly CFNO while the 78 *C trap
Caution' Although no explosions were encountered in this study. contained traces of material which was discarded wtthout examination

covalent azides are in general explosive,- 4 and Makarov and co-workers. The remaining traps contained the colorless CF3N, (70 mmol. 89%
repotedtha CF,5 eploes t 33 o~2 Cnseuenty, r~iate yield on the basis of N2115 taken) whose GC indicated purit was

safety precautions should be taken when working with larger amounts 98- 99%. Storage in stainless-steel c)ylinders for several weeks ai
of CI)',. ambient temperature at several atmospheres pressure did not result

Materials and Apparatus. Volatile materials were manipulated in in any significant decomposition.
a stainless-steel vacuum line equipped with Teflon FEP U traps and Results and Discussion
316 stainless-steel belows-seal valves and a Heise Bourdon tube-type SyteianPrpteso FN. orheyteisf
pressure gauge. Gas chromatographic data were obtained with use Syt2i n rpriso FN.Frtesnhsso
of a Varian GC under isothermal conditions with a stainless-steel CF3N3 the procedure of Makarov and coworkers2 was fol-
colamn ('/, in. X 10 fi) packed with Poropak PS. Trifluoro- lowed. It involves reactions I and 2.
nitrosomcihane (PCR Research Chemicals, Inc.) and hydrazine CFNO + H 2NNH, CF3N=NN-1 + H20 (1)
(Olin- Mathieson) were used as received.

Infrared spectra were recorded in the range 4000-200 cm - on a CF 3N=NNH-2 + C12 -CF3N 3 + 2HCI (2)
Perkin-Elmer Model 283 spectrophotomneter using a Teflon cell of
5-cm path length equipped with Csl windows, The spectrometer was Azidotrifluoromethane is white as a solid and colorless as
calibrated by comparison with standard gas calibration points.'-6 and a liquid and a gas. It melts at - 152 *C. It is stable at room
the reported frequencies are believed to be accurate to +2 cnV'. tmeaueadcnb ade ihu oiebedcm

*The Raman spectra were recorded on a Cary Modcl 83 spectro- pteper a o rsure s ancn e l e o r ticeae -com
photometer using the 488-nm exciting line of an Ar ion laser and a pton V,apor pressures were meased ov the rangdf ea-95
Claassen filter7 for the elimination of plasma lines. Quartz tubes to-4 ,anthdtawrfiedbtemtodflas
(4-mm od.). closed by a metal valve, were used as sample containers squares to eq 3 with an index of correlation of 0.9998. The
in the transverse-viewing. transverse-excitation technique. A previously log P (mm) = 7.8748 -1221.7/T (K) (3)
described' device was used for recording the low-temperature spectra.
Polarization measurements were carried out by method VI II as de- extrapolated boiling point is -28.5 *C. in good agreement with
scribed by Claassen et all7ta f-2.5O t73m .peiul eotd2Maue

The "F NM14R spectra were recorded at 84.6 M I I on a Varian ta f-85 0  t73m.peiul eotd 2 Maue
Model EM 390 spectrometer. Chemical shift% were determined relative vapor pressures at the noted temperatures are as follows ( T,

-,to the CFCI, solvent with positive shifts being downfield from CECI,.' 0*. P, mm): -95.2, 10; -78.6. 40: -64.6, 108; -45.5, 324. The
latent heat of vaporization of CF3N3 is 5.591 keal/mol, and
the derived Trouton constant is 22.9, indicating little assoct-

(1) Makarov, S. P.; Yakuboviel,. A Ya - i-urg, V. A; Filatoc, A. S.; ation in the liquid phase.
Englin. M A Piriceteniscva, N 1: Nikitova, 1. Y. Doki. Akad. VbrinaSptr.FgeIshwteifaedpcru
,Vauk SSSR. I1%I1, 141, 357.VirtoaSpcr.FgrIshwteinaedpcru

(2) Makarov. S. P.; Yakubovich. A. Va.; Filatov, A. S.; Englin. M. A.; of gaseous and the Raman spectrum of liquid CF3N3. The
N ikiforova, T. Ya. ZA. Obsitch. Khon, 1968, 38. 709. observed frequencies are listed in Table 1. By analogy with

(3) "The Chemistry of the Azido Group', Patat, S.. EAt., Wiley-Interseicice: the known structures of CHI j, O- I2 CF3OF.L2I1 and CIN3,."
New York. 1971.

(4) Dchnice. K. .4ngew. (hem.. tnt. d E bnXl 1967. 6. 2401
(5) Plylcr, F. K, Iani A. lainc. IL. R.J idwell, F. I1) j. Re- 'adl Bur.---------- __________________

Stand., Sect A, 1960. 64, h4 1. (11) Pr,.1,/ t ( th.ij 1972. H), 1215
(6) International Union of Pure and Aplicl ( liemisiry. -fat'bles of (101 itmiigiii R. I , Rao. C. N R J Phis Chmem. 1960, 64, 756,

Wavenumbers for the Calibration of l~ri.dlcioietr Batter. 0Ill Sailiiel. %' M . Curl. I . Jr . J (hem Phtvs 1966, 44, 1288
worths . Washington, l).C , 1961 (12) BuckleN. 11. Wcbtr. J P Caon J ('hem 1974, 5Z. 942

(7) Claassen, If. H ; Selig, H .ShAniir, J Appi Slit, toneC 19, 23, (1 1) Didretl 1 I'. "altiel. I S J All Ntrso 1971, 8. 395,
(8) Miller. 1: A,- Ilarney. B M. AppI.Specirou. 1970. 24, 271) - (14) (-k.. lH t . tcrrN. %I C I J ( hen Phirv 1970, 53. 2525
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Figure 1. Vibrational spectra of CF3N3. Traces A and B: infrard 1713 vw 2,' 1718 (a)
spectra of the gas recorded in a 5-cm path length celeupe ih1629 m)w Iuwr
Csl windows at pressures of 8Sand 255 mm, respectively. The bands 159613 , 59(a)o
marked by a diamond and an asterisk are believed to be due to an 19 ,+V 59()o

impurity and CFNO. respectively. Traces C- E: Raman spectra of 2FN'0 '

teincident polarization parallel and perpendicular. 1370 m1w 1370(0.1) P, v, -- 1372 (d')

the CF3N3 molecule is expected to possess a structure of 1284 vs, I'QR 1 )8 p V 1 )
symeryC3 wtha laarC 3 backbone, an approximately 1255 ins 123V, (a')

linear N3 group, a staggered CF3 group, and rN N (- 1.25 A) 1223 mlw C; F, , O.niuty
being significantly longer than rN1 N3 -1.l13 A) due toll1 being 1169 vs 1165 sitdp? V (a"

1152 sh 1149 (0.5) p V. (d')

211 1 03 (a a')

T, N2 :04 vwv, +v,1
0

3 (a')

Strutur mw woul 50 (ll) p V, (a)

be naoostthtoCF3 N 0t in whc th CF7n O51 w PQR 751(0.7) p v, (a') (a

depends~~~~~~~~~~ on th oriainnubro 1  nluigiss-42, PQR 40 (1.6) p v, (d)

rically ~ ~ ~ ~ ~ ~ ~ ~ ~ 8 aciv v5ec8lcrn0ar slgnd.I 1 i 7 (4.3) p v
1
, (a')

theecorinte, sin CF3NO or structure 1, the highly 0 Uncorrected Raman intensities representing relative peak
replsie fee aleceelectron pair of NIwill avoid the fluorine heig~ht.

ligndsof he F3group and therefore cause the free valence CIN ,16
.1

7 BrN 3,16 IN 3,
18 CH3N3,I 9-2 CD3 N3 ,21.22 HN 3,

23 2

beecipedreatvetbte sta grd p andwth e r ligaNd to DN3
2 2 an 2N31 (see Table 11). Of the four N3 modes,

fou-cordnaed asito1 the goup Howaeneevecrn ifrs two are due to stretching motions, one antisymmetric and one
in I, he wo reevalnceeletro pars symmetric. Since the two NN bonds significantly differ in

on I nd he -Xgroup should all be staggered with respect their bond strength, the higher frequency mode might equally
hidee rtioofthe CF3 group. C 3 3 sol well be described as mainly a stretching of the N,2 N3 bond and

exhibit 15 fundamental modes of vibration, all active in both the lower one as mainly a stretching of the N IN2 bond; how-
the infrared and the Raman spectra. Of these, 10 belong to ever, due to the linear N 3 Structure, both modes shoul d be

spce 'and can be either polarized or depolarized, while strongly coupled.22 On the basis of its high frequency and
specis a'relative intensity, the N,N I stretch is readily assignable tio the

3 5 belong to species a" and should be depolarized in the Raman
spectrum. An approximate description of these 15 funda- (1)CrkT..,lyeMAA an fadtSc.1965294mental vibrations is given in Table 11. Eight of them involve (1) Dc'icrk T. .lne. M, A. A.76,8.1. aa o.199 94

P4motions of the CF3 group, four are due to the N3 group, and ((:9) 1 atcley. W. G3.; Miller, F. A. Specrrochim. A'bo 1961, 17, 857.
three involve the C-N linkage. (20) Manica. Ii.; Zerbi, G Ga.:, ('him. Ital. 1960. 90, 53.

Assignments for the four N3 modes were nmde by com- (21) Miller. F. A.: Bassi. D. Spectrochim. .4cra 1963, 19, 565.
parison with the known spectra of the covalent a/ides, F"N . ~ (22) Thompson. W. T.; Fletcher. W. Hl .Specrohim. A4a 1966, 22.,1907.

(23) Dows. D. A.. Pirnnicl. G c' J. ('em. Phys. 1955. 23. 1258.
(24) Pimentel. t0. tC,; ('harles. S. W;: Rosengren. Kj. J. Chemn. Phys. 1966,

- 44. 30129
(15) Davis, MI. L;: Boggs, J. E.; Coffey, D., Jr.: Hanson. 11. P' J. Phys. (hem. (25) Mo,,rc. G. BI: Roscrngren. KJ. J (hem. Phi's. 1966. 44, 4 108.

1965. 69, 3727. Turner, It. P.: ('ox. P. A. ('hem. PhI.s. Ltt. 1976. 19, (26) 1I cs, 1). M . lDows. 1) A. J Chem. Ph v. 197. 46. 1168.
-' ~585. j27) Shiiain,,shi. I J Phi, ('hen) Ref' 1ab 197.I 0

(16) Milligan, D. L;: Jacox. M. L.. J ( hem. Physr. 1964, 40. 2461. (28) (FNei S. R;: Shrccsc. J. M Inrg 1972, It. 1629.
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band at about 2180 cm The NIN, stretch should occur in
E the frequency range between 1090 and 1270 cm I and most

likely be of higher Raman intensit) than the CII stretching
modes. It is therefore assigned to the Raman band at about
1150 cm ', This assignment agrees well with those reported
for CIN3,6 BrN31i and IN,"i for which this mode occur% at

3 1144, 1160, and 1176 cm 1, respectively.
2 The in plane (a') and out of plane (a") N, deformation

00 modes should occur in the 500-660-cm I range (sec Table iI)
- Two polarized Raman bands were observed in this range at

580 and 514 cm ' respectively, and must be due to the in plane
N3 deformation and the antisymmetric a' CF3 deformation

' -- mode. Based on the similarity of the frequencies of the C-,
modes in CF3N 3 and CF3NO n" ° (see Table I1). %c prefer to

E assign the 580-cm ' fundamental to the N3 a' deformation and
2. the 514-cm I one to the CF3 a' deformation mode. A similar

" ' " choice exists for the two corresponding a" modes for which
- two bands at 594 and 556 cm ' arc available for assignment.

By comparison with the related compounds listed in Table II
"., and based on intensity arguments, we prefer to assign 594 cm

, . 'D s to 6(Nt) (a") and 556 cm i to b.,(CF3) (a"). Spectra of
, 0 - I N-substituted CF 3N3 would be required to confirm these

assignments.
2The assignment of the three fundamental vibrations in-

volving mainly the C-N linkage presents no difficulties because
Sthey occur at frequencies outside of the ranges expected for

the CF 3 and N3 modes. Thus, the C-N stretching mode
obviously 2 must be assigned to the strongest Raman band at

. - ,859 cm-i, and the second strongest Raman band at 179 cm"
Z E must be due to the CNN angle deformation. The latter mode

,2 was observed22 at 245 and 231 cm-1 for CH 3N3 and CD3N 3 ,
respectively, and the further mass increase of the methyl group

-. , in CF~N3 can account for the observed additional frequency
decrease. The C-N torsional modes in CH 3N 3 and CD 3N 3
have frequencies of 126 and 90 cm - , respectively." On the
basis of the larger mass of the CF3 group, this mode should

-. C show again a frequency decrease for CF 3N3 and should occur
-- well below 90 cm-'. Due to its low frequency, this mode could

not experimentally be observed in the present study.

o, Assignments for a CF3 group with hindered rotation (C,
Ssymmetry) are generally difficult; however, several recent

M 0 00 thorough studies of the vibrational spectra of CF 3X type
~'. - - " .-X " compounds such as CF 3COX,31'32 CF 3NO,2"0 and CF 3OF33 r

t have provided valuable information and permit assignments
C2 for most of the CF 3 modes.
0- of .As previously pointed out by Redington 2 the CF 3 modes

4 - ,,00 , o f , - molecules of symmetry C, can be related to those of mol-
ecules of symmetry C3 ,. for which the assignments are well
established. Such a correlation is shown in Table IIl for

Z' D 0 D 0 M 0 CFN,. CFNO,- 3 CFCOOH,32 CFCN, 31 CF 3CCH,31 and
" CFH. 9 Under C, symmetry the doubly degenerate e modes

of C, split into one a' and one a" component. Although the
. degree of splitting can significantly vary from compound to

- _ . compound, the average of the a' and the a" frequency is similar

e 2 E (29) Shurvell, It F.; )ams. S (.. Gordon, R D Can. J Chem. 1974, 52,
A .. 0 o 3149

S.(30) Demuth, R . Burger. 1 , Pawelke, G ; Wiliner, H. Spectrochim .4cta,
Part A 197. 34.4. 113.

7-" (31) Berne), C. V Spetruchim .4cia. Part .4 1971. 217.4. 663
, 15 (32) Redingion, R. t Spectrodhtm. 4ta. Part A 1975. 31.4. 1699

' (33) Wilt. P M Dissertation. Vanderbilt University, 1967
(34) Wilt. P M ; Jones. E A J Inorg Nul ('hem 197, N. 210

-.. , ' (,3j35) Smard.... k,, R R . Fox. W B J Flur, ne ('hem 1975,6. 417. J

a' ,,'Ph I (6,, 1975. ''. 219' es n: E 361 Isuo, J t .INskartcau. D 1). F'ateleN. W G.;Hammaker. R M..
S Matr,ic,( I . Witt, J i J Raman S'pe, trosc 1"11, 9. 2 W0 'ahi.

'P K , Pm.el. N 1) ("an J. Spectrs, 19O. 25. 70
_. 2 (71 lianmaki: R %I . l.ately. W (I . Manocha. A S. DesMarteau. D

1). Strcua,,nd, B J. t)urig. J R J Raman Spectros , 1980, , Ig
a . (M) Shir.....,chi, I J Ph% (hem R,'! Data 1973. ., 247 and 250

-- (39) Shi, ~hi I J I'hi% (hem Rf I)aia 192. I, 54
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I'abl" Ill. Spectral Correu on between the Fundamental Vibrations of tile ('jGroulp u Molcules ol S) nonctl) C. anzd

Towe of Sy intiectry ,,

description -i .descijio

class of mode C",CNd CI",('I ('l" b ('I ('OOll c 
('I: ,Nd (I NO eliss of mode

a, 1"(C,) 1227 e  1253" 1117 1254 1284 1291 a' jCl ,)
6s(CF,) (umbrella) 522" 53b" 700 781 730p 730 a' h,C l

121l 1254 1230 a' 3',((' )
e V'(Cl:,) 1214 1179 1152 .1200 1211 1203 !

1189 1168dp 1175 a t ('l-,)
591 556 551 a" h_(('l1

6o 8(CF,) (scissor) 618 612 507 ! 549 535 542 1
508 513p 533 a' 5,,(CI",)

rock('l" ,) 63 453434 450 428 " ?rc('')
hrc(l 0 5 4021) J,' ,-O 1~(( )

a );ti tron ret 38. Data trwi ref 39. Data troni ret' 32. d 11 and dp itidild atc polariialhmt Ill the Hinan spectra. Ihit C ' %y ill tf). j

ides canoti be polartcd. " Strongly coupled iiodes (we text). f Average licquency otf a' .

to that of the corresponding degenerate e mode. However, its higher Raman intensity and a comparison with similar
the following secondary effects which can influence the fre- molecules. 3 2'4 the highest frequency fundamental vibration
quencies must be kept in mind: (i) the covalency, and thereby is assigned to P,(CF 3) (a'). On the basis of analogous argu-
the bond strength and frequency values, of the C-F bonds in ments, the 730-cm ' fundamental vibration must be assigned
CFIX increases with increasing electronegativity of X, and (ii) to the symmetric CF 3 deformation of species a'. Adopting the
coupling between certain modes can result in large frequency above assignments for the two N 3 deformation modes, the
shifts. The tendency for strong coupling is particularly pro- antisymmetric CF 3 deformation modes are ascribed to the 556-
nounced in the a' block, when the symmetric CF 3 stretching, and 513-cm-' bands with the Raman polarization data un-
the C-X stretching, and the symmetric CF 3 deformation ambiguously distinquishing the a' from the a" mode. The
strongly mix with each other. CF 3N 3 assignments also suggest that in Redington's12 and

In CF3N 3, the correspondiiig three fundamentals occur at Berney's3' previous studies the assignments of the 6,(CF3) (a'),
1284, 859, and 730 cm -' and are readily identified by their and 6.(CF 3) (a") might need to be interchanged. Although
PQR band contours (parallel bands of an approximate acci- intensity arguments were cited against such an exchange, it
dental spherical top molecule) and highly polarized Raman is supported by Raman polarization data."' 32

bands. On the basis of our experience with related molecules The two modes which in most studies could be assigned only
and the observed infrared and Raman intensities, the 1284- with difficulties are the a' and a" CF 3 rocking modes. As can
cm ' fundamental might be described as an antisymmetric be seen from Table Ill, the corresponding degenerate e mode
combination of the symmetry coordinates of P,(CF 3) and those of symmetry C3, occurs at about 460 cm-'. Therefore, the
of v(C N), the 859-cm ' fundamental as a symmetric com- polarized Raman band, generally observed for CF 3X com-
bination of the same s)mmetry coordinates %ith some con- pounds of symmetry C, in the range 400-430 cm - should
tribution from 6,(CF 3), and the 730-cm ' fundamental as represent the a' CF3 rocking mode. Since the a" CF3 rocking
mainly a symmetric combination of the symmetry coordinates mode must be depolarized in the Raman spectrum, the 179-
of the (C N) and b,(CF,). Duc to this pronounced mixing, cm ' fundamental vibration of CF 3N 3 cannot be assigned to
argumecnts concerning the identity of these mode,, are not very this mode. The only vibration left for a possible assignment

meaningful. It should be kept in mind, however, that, par- to the a" CF 3 rocking mode is the weak infrared band at 450
ticularly in the a' block of (tFX t'pc molecules. the above cm 1, unless a coincidence of the symmetric and of the anti-
described coupling calt cause the frequencies of v,(CF3) and symmetric CF3 rocking mode is assumed at 403 cm ', which
6,((d: to move apart, resulting in an unexpected high fre- would leave no plausible assignment for the 450-cmt' band.
quency for v,(C "3) and a low one for , This in turn A normal coordinate analysis was not carried out because
ma' result for different CF;X type compounds in a different of the grossly underdetermined nature of the problem and the
sequence of the a' and a" fundamentals and is one of the strong coupling experienced by us and others ' for CF3X type
prrincipal reasons for the existing confusion concerning the species. Since the force constants and the resulting potential
proper assignment of CFj group fundantental vibrations. The energy distributions can be varied over a wide range with exact
coupling between i',(CF 3) and 6 i(ll t a' of a ('iX type reproduction of the observed frequencies, PED-based conclu-
molecule is enhanced when the C X stretch has a frequency sions concerning the identities of certain fundamental vibra-
intermediate between those of v,(CFl" and h(C 1 ), and in lions should be treated with the necessary scepticism.
these cases great care should be exercised when the CF ,  Numerous overtones and combination bands were observed
fundamentals are assigned. in the infrared spectrum at higher sample pressures. Almost

L For ('CFN), the following (F"3 modes can be assigned with all of them could be readily assigned (see Table I) and confirm
reasonable confidence. The three (F- stretching modes arc the proposed assiginetits. The only detectable impurities were
expected to occur in the 1150 1300-cm region and possibly traces of ClF, and ('FNO.
therefore are assigned to the fundamental vibrations at about tF NMR Spectrum. The '9F NMR spctrum of CF3N3 was
1168, 1254, and 1284 cm '. Since the two higher frequency recorded at 27 *C in CFCI3 solution. It consisted of a sharp
bands are definitely polarized in the Raman spectrum, the singlet at 57.0 ppm. upfield from internal CFCI3 , charac-
1168-cm ' band must represent the antisy mmetric CF, strelch teristic fior a CF, group with all three fluorines being equivalent

of species a", in good agreement %ith previous conclu- on a NMR time scale. This is not surprising in view of the
sions . '- On the basis of it% P(R infrared band contour, rcliivicly Io%% barrier to internal rotation expected'9'""" for

a molccule such is ( I ,

•41) ( hrtsic. k 0. Naumann. 1) .,prtrt, hint 4, ia. Part I 1973, 29A. Mass Spectrum. I lie I1,1, speclruln of CIN, is listed in
2017 Table IV II hltos it strong parent ion at m/ 1 I I and a
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Table IV. Mass Spectrum of CFN, absorptions at 200 and 258 nm, which by analogy to previous

mile el intens assignt mle rel intens assignt assignments for similar covalent azides42 might be assigned
to the sp, - wy* and ry - rx* transitions of the azido group,31 68 CF 69 100 CF, respectively. The previous suggestions.' 2 that the energy

42 27 N, 92 31 CI:FN. difference between these two electronic transitions in a given
45 37 CFN 111 79 CI:,N, XN 3 molecule is both a measure for the polarity of the X-N
50 39 CF, bond and an indication for a negatively polarized chlorine in

CIN 3, appear questionable. If these suggestions were correct,
12 the replacement of the three hydrogens in CH 3N by three

fluorines should result in a closer match of the electronega-
11 24 tivities of the methyl and the azido group and hence an in-

creased covalency and a larger energy difference between the
10 22 two electronic transitions. However, this is clearly not the case.

The previously postulated Cl -N 3
+ polarization is also in-20 compatible with the well-established4 reaction chemistry of

18 CIN 3 which clearly demonstrates the electropositive character
of chlorine in this compound. The principle argument pre-

a 16 - viously presented' for the Cl--N 3
+ polarization in CIN 3 was

C '6 the relatively high frequency of the N-Hal stretching modes
0 ,14 7 in CIN 3 and BrN 3. It was suggested that these high fre-

6 quencies are due to partial N=X double bonding and that this
E 6 12 partial double-bond character can only be explained by the

following resonance structure invoking a formal negative
1 051 -o charge on the halogen atom

8 /N'
4 8

3 -6

4 Obviously, the possibility of the more likely resonance structure
2

2 2

-0
0

200 250 300 350 which results also in an X=N double bond but with a posi-
A, nm tively polarized halogen was overlooked.

Summary. Azidotrifluoromethane is a relatively stable
Figure 2. UV absorption spectrum of gaseous CF3N3. compound, and some of its physical properties were deter-

mined. The spectroscopic data show that CF 3N3 contains a
strong N 3

+ fragment, typical for covalent azides. As expected, covalent azido group, similar to those of other covalent azides

the base peak is due to CF3
+, but surprisingly, the CF 3N peak of known structure, such as CH 3N3 or CIN 3. Whether the

at m/e 83 was extremely weak (less than 1%), in contrast to azido group is linear, as in CH 3N 3 or HN 3, or slightly bent,

organic azides which generally show RN' as base peak. as in Ch 3, is difficult to say on the basis of the available data.

However, the high intensity of the N 2
+ and CF 2N

+ peaks
indicate that in CF 3N3 N 2 elimination is also important, but Acknowledgment. We gratefully acknowledge financial
that CF 3N readily loses a fluorine to form the relatively stable support of this work from the Office of Naval Research, Power
CF2N radical." Branch, and the U.S. Army Research Office.

UV Spectrum. The UV absorption spectrum of gaseous Registry No. CF3N3, 3802-95-7.
CF3N3 is shown in Figure 2. The spectrum shows two strong

(42) Dehnicke, K.; Ruschke, P. Z. Naturforsch. 8: Anorg. Chem., Org.
(41) Ogden, P. A.; Mitsch, R. A. J. Am. Chem. Soc. 1967, 89, 3868. Chem. 1978, 338. 750.
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Perfluoroammonium and Cesium Fluorotungstates

WILLIAM W. WILSON and KARL 0. CHRISTEO

Recei'ed May 22, 1981
The syntheses of NF 4* salts containing fluorotungstate anions were studied. The new NF 4WOF5 salt was prepared by
the reaction of WOF 4 with a concentrated solution of NF4HF2 in anhydrous HF. It is a white solid, stable up to 60 *C
At higher temperatures it decomposes to NF4W20 2F9 , NF,. OF2, and WF 6. The ionic nature of NF 4WOF, in the solid
state was established by vibrational spectroscopy, but in dilute HF solutions the WOF, anion solvolyzes according to 2WOF5-
+ HF W20 2 ]F9 + HF2-. In HF solution WF 6 is readily oxidized by NF 4* to yield WF 6 and NF 3. The syntheses and
some reaction chemistry and properties of CsWOF5 , CsW20 2F9  Cs 2WO2F4, and CsWF 6 are discussed.

Introduction HF (15 mL. liquid) was added to the ampule on the vacuum line,
The synthesis of a stable NF 4

+ salt containing a fluoro- and 9.9 mmol of distilled H20 was added with a syringe. The mixture
tungstatc anion is of significant interest for solid-propellant was allowed to homogenize, and F6 (9.96 mmol) was added in vacuo
WF g tat -196 *C. After the ampule was kept at ambient temperature for

65 gas generators. In this paper the synthesis and char- several hours, all material volatile at 55 *C was pumped off. On the
acterization of the first known example of a stable NF 4

+  basis of its weight and vibrational spectra, the solid residue was mainly
fluorotungstate salt are reported, and some reaction chemistry CsWOFsi ° .i containing only small amounts of CsW2OF' 2 and
of various cesium fluorotungstates in anhydrous HF is dis- CsHF 2.cussed. Preparation of CsW2OF9 by Solvolysis of CsWOF5 in HF. A

Experimental Section sample of CsWOFs (2.35 mmol) in a Teflon ampule was stirred in
anhydrous HF (10 mL, liquid) for 12 h at 24 'C. The undissolved

Apparatus. Volatile materials used in this work were handled in material was separated from the solution by filtration at 24 *C, and
a stainless steel Teflon FEP vacuum line. The line and other hardware all volatile material was pumped off at 55 *C. On the basis of the
used were well passivated with CIF, and, if HF was to be used, with observed mass balance and vibrational spectra, the filter cake consisted
HF. Nonvolatile materials were handled in the dry nitrogen atmo- of CsW 2O2F,12 (_ 1.1 mmol) and the filtrate residue consisted of
sphere of a glovebox. Metathetical reactions were carried out in HF CsHF2 (-1.2 mmol) containing as an impurity Cs2W0 2F4,1

3 which
solution with use of an apparatus consisting of two FEP U-traps was formed by hydrolysis of some CsWOF5 ,
interconnected through a coupling containing a porous Teflon filter' Preparation of Cs2WO 2F4. Cesium fluoride (37 mmol) and 20 mL
Thermal decomposition measurements were carried out in a previously of 48% aqueous HF were combined in a Teflon FEP ampule to which
described2 sapphire reactor. WF6 (18.47 mmol) was added at -196 *C on the vacuum line When

Infrared spectra were recorded in the range 4000-200 cm on a the mixture warmed to room temperature, initially a white precipitate
Perkin-Elmer Model 283 spectrophotometer. Spectra of solids were formed. which subsequently dissolved, resulting in a clear solution.
obtained by using drN powders pressed between AgCI windows in an The solution was poured into a 250-mL Teflon beaker, and the aqueous
Econo press (Barncs Lingincering Co.). Spectra of gases were obtained H F solvent was evaporated on a hot plate at 60 *C. The resulting
by using a Teflon cell of 5-cm path length equipped with AgCI white residue (10.24 g. weight calculated for 18.47 mmol of Cs2WO2F 4
windows. = 10.40 g) was shown by vibrational spectroscopy to be essentially

Rarian spectra werc recorded on a Cary Model 83 spectropho- pure cis-Cs2W0 2F4." Treatment of Cs2W0 2F4 with anhydrous HF
tolietcr using the 4880-A exciting line of an Ar ion laser ind a resulted in the partial conversion of Cs2W0 2F4 to CsWOF,, Cs-
Claassen filter' for the elimination of plasma lines. Sealed glass, Teflon W2O2F,, and CsH F2.
FEP, or. KcI-F tubes wcrc used as sample containers in the tran- Preparation of CsWF,. Cesium iodide (21.2 mmol) was loaded
sverse-vicwing transversc-excitation mode. Lines due to the Teflon in the drybox into a prcpassivated Teflon U-tube, equipped with a
or Kel-f- sample tubes were suppressed by the use of a metal mask. Teflon filter, and anhydrous HF (26 mL, liquid) was added at -196

The 9F NMR spectra were recorded at 84.6 MHz on a Varian °C on the vacuum line. On warming toward ambient temperature,
Model EM390 spectrometer equipped with a variable-temperature the HF reacted with the Csl to form HI, which accumulated in the
probe. Chemical shifts were determined relative to external CFCI3 bottom of the U-tube as a separate liquid phase. Tungsten hexafluoride
with positive shifts being downfield from the standard.4  (32.46 mmol) was added to the U-tube at -16 *C, and the mixture

Elemental analyses were carried out as previously described.5  was allowed to warm to ambient temperature. A copious precipitate
Materials. Literature methods were used for the syntheses of of black iodine crystals formed. The mixture was kept at 25 °C for

NF 4SbF,,' NF4HF2 solutions in H F,' and WOF,.' Hydrogen fluoride 12 h, and the clear solution was filtered into a second prepassivated
(Matheson) was dried by storage over BiF 5 to remove the H20.9 Teflon U-tube attached through Teflon tubing and valves to the first
Tungsten hexafluoride (Alfa) and CsI (Alfa, 99.9%) were used as U-tube. The HF solvent and small amounts of 12 were pumped off
received. Cesium fluoride (KBI) was dried by fusion in a platinum from the contents of the second U-tube at 55 °C for 2 h, resulting
crucible and ground in the drybox Sulfur dioxide (Matheson) was in a slightly off-white solid (4.856 g, weight calculated for 21.2 mmol
dried over P205 and purified by fractional condensation prior to use. of CsWF6 = 9 144 g). which was identified by vibrational spec-

Preparation of CsWOFj. Cesium fluoride (993 mmol) was loaded troscopy" " as CsWF,. A second extraction of the precipitate with
inside the drybox into a prepassivated Teflon FILP ampule. Anhydrous 16 ml. of liquid HF resulted in an additional 3 0il i of CsWF 6.

indicating that CsWF, is only moderately solub;e in HF.
(I) Christe. K 0., Schick. C. J.; Wilson, R D Inwg. Chem. 1977, 16. 849.
(2) Christe. K 0.. Wilson. R. D.; Goldberg, I 8 Inwg. Chem 1979. 18.

, 2572 (10) Bcutcr, A, Savodn), W . .4norg Alig. 'hem. 1976, 427, 37
(3) Clsassen. If It, Selig. 1H; Shamnir, J. App! Specr-ose 19*9, 21.8. (1t) licuier. A; Sawodny, W .4nge% Chem.. mI. Ed. EngI 1972,. .1020
14) Pure Appl (hem. 1972, 29, 627 (121 Ilougon. R.; But Puy, T., Charpim, P Inorg. Chem 1975, 14, 1822
(5) Rushworth, R.. Schack. C J.; Wilson. W W, (hriste. K 0 Anal (13) Pauscsang, . Schimi. R, Dihnmcke, K. Z Anorg. .411g. Chem 1974.
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(9) Chrisic. K 0, il don. W W. .Schack." CJ J IHu,,rine Chem 19"/1, trams 1975. Ylti

", /I. "1(IN) Shamir. J,. MVl n, J G) I-,,4 \u, I ('hem Ilett 197/6, 10"7

l1tirled Iriri l..rntii I's..il-i, - is), .Ch i [

P1,i 1) I) \ ... lt ,llChvtnll~ta )I1nld tIiiw 1* 1. , 1' -m,
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Reacetio of CAl with SO2. Dry Csl (6.30 mmol) was loaded in the shift this equilibrium all the way to the right. Separation of
drybox into a Teflon ampule, and SO2 (51.4 mmol), which had been the CsW 20 2F9 precipitate from the CsH F2 solution, followed
stored over P20,. was added at -196 *C on the vacuum line. On by washing with anhydrous HF, affords essentially pure
warming, all the Csl reacted with SO2 to form a red solution. Removal CsW 2 0 2F9 and thus offers a convenient synthetic method for
of the excess of unreacted SO2 at 10 *C resulted in a red-orange
solid of the approximate composition Csl.4SO2 , which at 25.5 *C the preparation of this compound. Equilibrium I is in excellent
exhibited a dissociation pressure of 450 tort. Exhaustive dissociation agreement with that observed by Bougon and co-workers12 for
of the adduct at 25.5 *C produced pure SO2 and CsI (6.3 mmol). the HF-WOF 4 system (eq 2). If the CsHF2 and CsW 20 2F,

Preparation of NF4WOF,. A mixture of CsF (21,99 mnol) and
NF4 SbF6 (22.14 mmol) was loaded in the drybox int,1 one half and 2WOF 4 + 2H4F .- W20 2F, + H2 F' (2)
WOF4 (14.59 mmol) into the other half of a prepassivated Teflon
double-U metathcsis apparatus. Dry HF(16 mL., liquid) was added are not separated prior to HF removal, equilibrium I is shifted
on the vacuum line to the half containing the NF 4SbF 6-CsF mixture back to the left on HF removal and in our experiments resulted
and was warmed to 25 *C for 30 nun with stirring. After this mixture in a mixture containing abot 9" itwl % CsWOF, and 5 mol
was cooled to -78 *C, the metathesis apparatus was inverted and the % CsWO 2 Fg.
NF41IF, solution was filtered into the other half of the apparatus The above described syntlests of CsWOF, by controlled
containing the WOF,. The NF4HF 2 WOE4 mixture in HF was stirred hydrolysis of WE,6 in a CsF-Cosntdining H F solution is similar
for 30 min at 25 *C, and then the solatile material was pumped off to the previously reported' hydrolysis of WI-6 in HF according
for 12 h at 25 *C and 0.8 h at 50 *C. The volatile material, trapped to eq 3. However, on the basis of the results of this study,
at -I 96 *C, was shown by infrared spectroscopy to consist of It F and
NF 3 and did not contain any tungsten species. The filter cake (8.06 SiO 2 + 4HF SiF 4 + 21420
g; weight calculated for 21.99 mmol of CsSbF 6 = 8.11 g) and the (3)
rdtrate residue (4.99 g; weight calculated for 14.59 mmol of NF 4WOF H20 + WF6  WOF4 + 211F
= 5.61 g) were shown by vibrational spectroscopy to consist of CsSbF6
and mainly N F4WOF5, respectively, On the basis of its elemental care must be taken to use an excess of WF 6 in this reaction.
analysis, the filtrate residue had the composition (wt %): NF 4WOFs, In the presence of an excess of water, | 30 WOF5

- and
96.1;CsSbF 6, 2.0; NF4SbF, 1.9. Anal. Caled: NFI, 18.14; Cs, 0.72; H 30+W 20 2F9

- are formed according to eq 4 and 5. Since
W, 45.91; Sb, 1.37. Found: NF, 18.05; Cs, 0.7; W. 46.0; Sb, 1.32.

Preparation of NF4W20,F. A sample of NF4WOF, was placed 2H0+WF
into a sapphire tube equipped with a stainless steel valve. The contents
of the tube were heated in a dynamic vacuum to 155 *C lor 6.5 h HF
and to 180 C for 4 h. On the basis of the observed weight change 3H,O + 2WF 6 - HO WOF9 + 3HF (5)
and the vibrational spectra. the conversion of NF4 k'tF to NF 4-
W20,F9 was essentially complete. these oxonium salts are also volatile, they are difficult to

In an alternate method. NFWOF5 %as dissolved in anhydrous 1tF separate from WOF4 by sublimation. It should be noted that
and formed a precipitate. This precipitate was separated from the in the previous report" | on the synthesis of H30+WOF,- the
solution by filtration and, on the basis of its vibrational spectra, observed anion spectra were incorrectly ascribed to a distorted
consisted of NFW 20 2 F. WOF- anion. The reported spectral' are identical with those

Results and Discussion published 12 for WO 2F9 -, which were also confirmed by the
Syntheses and Reaction Chemistry of CsWOF, CsW,O2 F results of this study (see below).Cs2 WO2 F4, CsWF6 , WOF4, and H3OWOF5 , The synthesis of For the synthesis of CsWO2F4 , the use of an HF-soluble

CsWOF5 was first reported 9 in 1958 by Hargreaves and tungsten species 2 and of an aqueous HF solution are im-
Peacock and involved the reaction of moist CsF with WF 6 in portant. In agreement with a previous report.2" WO, or
IF5 solution. In subsequent reports,' -020 either the original or HW04" was found difficult to dissolve completely in aqueous
slightly modified methods were used replacing the I.F5 solvent HF, but WF 6 and CsF in a 1:2 mole ratio were found to be
by CH 3CN and using WOF4 as a starting material. Since in a convenient alternate to Cs'WO4

2
1 as a starting material for

Hargreave and Peacock's method an excess of water can result the preparation of pure cis-Cs2WO2 F4 . If anhydrous HF is
in W0,F 4

2 formation, a better control of the amount of water used in place of aqueous HF as a solvent, equilibria 6 and Iused in the reaction was desirable. -urthermore, the intended Cs2 WO2 F + 3HF CsWOE5 + CsIF 2 + H2 0 (6)

reactions with NF4
6 salts required the use of anhydrous [IF

as a solvent. Consequently, our CsWOF- preparation was were found to become important. Equilibrium I results in a
carried out in such a maniier that dry CsF, Wl-5 , and a precipitation of CsW,OF,, which can be isolated by filtration,

stotchiometric amount of water were used in anhydrous [IF while the residue obtained from the filtrate consists of Cs 2W-
solution. On the basis of its vibrational spectra, the resulting 02 F4 and CsHF,. The vibrational spectra observed for Cs2 -
solid product consisted of CsWOFsiii° i containitg small WO2 F4 agree well with thosel '23 ,2 previously reported and

amounts of CsW 2 O 2Fi 2 and CsHF,. During an attempt to confirm that WO.F42 is present as the cis isomer.
determine the solubility of CsWOF, in anh)drous t11, it was For the synthesis of CsWF6, the original method 2 based
found that the salt did not completely dis solve in anhy drous on the reaction given by eq 7 did not lead to a pure product,

HF. The insoluble material was filtered off and identified by
vibrational spectroscopy as CsW 2O 2F9.2 The residue isolated 2Csl + 2WF5  2CsWF, + 1, (7)
from the filtrate after solvent removal consisted mainly of
CsHF 2 contaminated by a small atnount of ti.s-Cs.%VO 2F 4.iS in agreement with previous reports.' 62 6  Even when the re-
The latter was most likely produced by hydrolysis of some action was carried out in a well-passivated sapphire reactor
CsWOF5 by a trace of water present in the large amount of with carefully dried reagents, the product always contained
HF used as a solvent. These results demonstrate the existence
of the equilibrium reaction in antydrous HF shown by eq I.

(2!1 SetigZ. H" Sunder. W. AK Schiflrng F C Fakloner. W. F;. J Fluorine
2CsWOFs + H F ; CsW,),F,4 + CsI I I , I ) ( he,, 1978. I'. 629

122) 'aiuawang. G Z Vaturir.swh. 8: Anorg. (hem. Org Chem 1974,
A large excess of HF and the low volubilit) (f (CW (E 9,j can 2v8 49

(23) Matcs.. R. Mtuler i. tc vhcr. I J Z,4norg. (hem 1972, 389. 177.
2 (24) licuicr, A * a, JnN. W A Z Anorg A11g. (hem 1971. 381. I

(19) Hargrcaves. G B. Peacock. R 1) J (hem SN' 19. 21I (2 ) Mirgrives. ti H. Pc-,k. R 1) J (hem Six- 1957. 4212.
(20) Mcinert, I., Friedrich. 1 . kohl. W / C hem 1975 / 1. 492 (2t Hirid. A ki ; Ir~i,. I i)*l),,nncl. I . Inorg (hem. 1975. 14. 2408.
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WF6 with SO 2 is either catalyzed by Csl or one of its reactionC products or that the desired CsWF6 product is more reactive

IA than WE6 toward SO 2. Such behavior is in accord with at "90oprevious report 9 on the enhanced reactivity of SO 2 toward
3 WF 6 in the presence of bases capable of forming adducts with

- 'Syntheses of NF 4* Fluorotungstate Salts. The possibility
z ',was explored to synthesize stable NF4* salts derived from one

a \ ,of the following complex fluorotungstate anions: WF 6 -- 535 230 W02F4
2- , WOF5 , and W20 2F9.

696 1 595 For the synthesis of NF 4WF 6 the metathetical reaction eq
10 proved unsatisfactory because of product separation

C.WF8  21 NF 4SbF, + CsWF, ----. CsSbF6. + NF4WF 6  (10)

problems due to the limited solubility of the WF 6 salts in HF
especially at low temperature and because of the competing

z redox reaction (eq II) during removal. Although the solubility

, 0 N H+2W F H-F NF3 +2WF 6 +HF 2  (11)

problem was successfully circumvented by separately gener-FREOUENCY, m"0 ating HF solutions of NF 4HF 2 and WF 5 (eq 12 and 13) and
Ii F

Figure 1. Vibrational spectra of solid CsWF6: trace A, infrared NF 4BiF6 + CsHF 2 -. CBiF, + NFHF, (12)
spectrum of the dry powder pressed between AgCI disks; trace B, Nujol H1-
mull between Csl windows; trace C, Nujol alone between Csl windows; CsWF6 + Bil's - CsBiF, + WF S  (13)
trace D, Raman spectrum of the solid. The Raman band at 488 cm-,
marked by an asterisk, is probably due to the Pyrex capillary. combining them, the redox reaction (12) remained a major

obstacle, particularly when an excess of N F4H F2 was employed
significant amounts of CsVk O-5, and sometimes CsW 20 2F9, in the reaction.
as byproducts. The replacement of S02 as a solvent by HF The synthesis of (NF 4)2WO2 F4 was attempted with use ofeliminated this problem and offered the additional advantage the metathetical reaction given by eq 14. Although W0 2F4

2-
of easy separation of the HF-insoluble 12 from HF-soluble HFCsWF,. This preparation of the CsWF6 is similar to that 2l 2NF4SbF, + CsWO2F4 - (NF4)2WO2F4 + 2CsShF6

previously published for NaWF 6 with HF as a solvent, NaF, (14)
and cadmium in place of iodide as a reducing agent. Other appeared to be compatible with NF4

+. the desired (NF 4)2W-
solvents that have successfully been used for the syntheses of 02F 4 could not be isolated due to W0 2F4

2 interacting with
WF, salts include CHCN, 6 ." '7 CH 3NO2," and SF4.

27  anhydrous HF according to reactions 6 and I. Consequently,
Since only incomplete spectroscopic data had previously the filter cake contained a significant amount of W20 2F9- salts,

been reported for CsWF,, its vibrational and 19F NMR spectra whereas the filtrate residue contained a significant amount of
were recorded. The vibrational spectra and observed fre- WOF5- salts. The volatile reaction products contained some
quencies are given in Figure I. The observed spectra, par- NF3 and OF2 . Nitrogen trifluoride is the product expected
ticularlv the infrared spectra. arc too complicated for an ideal for either thermal decomposition of NF4HF 2

7 or redox reac-
octahe4ral anion. It must be kept in mind, however, that tions involving NF4

+. Oxygen difluoride could have been
CsWF samples usually are poor Raman scatterers and also formed by fluorination of H20 generated from WO2 F4

2- and
hydrolyze very easily to CsWOF,. The '9F NMR spectrum HF according to reaction 6.
of CsWF, in H F solution at 80 'C consisted of a singlet at Since the products from the N F4SbF 6 + Cs2WO 2F4 me-
0 159 with J of about 53 li. tathetical reactions had indicated that NF 4WOF5 and NF4-

The compatibility of SO2 with Csi and WF was briefly W202F9 might be stable but are difficult to separate from the
studied in an elfort to explain the above described side reaction CsSbF6 precipitate, this separation problem was overcome by
resulting in CsWOF5 formation. In agreement with a previous first preparing an NFHF2 solution according to eq 1, then
report."8 Csl was found to forni with SO 2 an orange-red 1:4 HF

adduct according to eq 8. This adduct was unstable at room Ni"4 Sbl, + CsHF2 I CsSbF6+ NF4 HF2  (15)
SM}:

Csl + 4SO - CsI(SO)4 (8) separating the CsSbF. precipitate from the highly soluble
NF4 HF 2 by filtration, and reacting a twofold excess of this

temperature, possessing a dissociation pressure of about 450 N F4HF 2 solution with WOF4 according to eq 16. The excess
torr at 25.5 *C. Its decomposition resulted in SO2 and Csl
as the only products. For the WF 6-S O2 s.stem, little inter- NF4HF2 + WOF 4 HF NF4WOF + HF (16)
action was noted. Even after an equimolar mixture of WF6
and SO, was kept at 25 *C for 5 days, less than 0.2% of the of unreacted NF 4HF 2 was decomposed at room temperature
starting material had reacted to form WOF4 and SOF2 ac- to NF3, F2, and HF, leaving behind the thermally more stable
cording to eq 9. It therefore appears that the interaction of NF 4WOF5 salt.

The NF 4W,OF 9 salt was obtained by controlled vacuum
WF6 + So' SOl-, + W()F-4  (9) pyrolysis of NF 4WOF5 at 180 *C in a sapphire reactor. The

vibrational spectra of the solid residue showed only the bands

(27) Kemmit. R. D. W. Sharp. 1) W A J, ( h.m ', 19%3, 249t characteristic for NF + 1.79 and W 20 2F9 .12 The volatile
(28) Burow, D. F In "The Chcmisir of Nonaqueous S)ivenis"; Ligowski,

J I. Ed; Academic Press New York, 1970; Vol. 3. p 164 and refer- -
ences cited thereon (2Q) lcbb.'. !" N , Muctierfies. I I I,,rg (hem. 19 ,3. 7, 172.
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Table L Vibrational Spectra of Solid NI.W,0, t,, CsWa0, ", and NF[,WOI.,

obsd lreq, cm I, and rel intent' assignment (point group)b

N F,W, OF CsWOF, NF2 WOt15  NF, WO"I,

IR Raman IR Ramnan It Raman (Td ) W 0 :. (C.,)

2320vw 2315 vw 2 v, (A, + E + F,)
2060 vw 2060 vw (2 x 10351
2015 w 1996 w VI + V, (I')
1768 vw 1760 wv v, + v. (A, ++ F,)
1461 w 1453 w + V. (:,)
1343 w 1338w (709 + 640)
1240 sh 1240w (640 + 610)
1224mw 1221 mw 2 v. (A, + E + -,)
1165 vs 1165 (0.2) 1160 vs 1165 (0.7) v, (F,)

135 vs 1034 (0) 148 vs 991 vs 996 (I0) v W-0 out of phase
I11035 vs 1036 (10) v W-O in phae i' (A,)

9U0v%% 850(1.5) 852 (8.4) v, (A,)
822 vw
790 vw7 09 s 698 (5.4) 704 s 700 (6.3) 688 vs 690 (5.4) V. WI., In phase u, (A,)

640 vs, br 628 vs, br 620 vs, br uas WI:' v. IL)
610s 610(0.9) 610(0.6) 613 (4.9) v (1-,) V. WI , out o phase V, (H,);515 vs v, (A,)

462 s 440(0.4) 440 vs 446 (1.6) v, (El) Ia (A,)

' 440svtv

335 sit 340 (0.6)
316 (6.2) 320 (5.3) 329 (6.8) v, (E)
305 sh 309 sh
283 (0.5) 284(0.2) 285 (0.5) def vibrations v, (A,)
211 tO.o) -217 (0.5)

194 (0.2) 200((0.2)
120 sh 122 (0.3) 140 sh

U Uncorrected R tman intensities. t |he ituai site symnetry of N-,' and WOl:, - might be lower than Td and C.., respectively. C Assign-
licnts froitli ret 10 ,rid 12.

CSW2 0 2 F9  .7
"

N.>

A

z
Nf'4wOF5  I "-

. NF4 W2 0 2 F9

zI I

2400 2000 IBM0 1600 1400 1200 100}0 800 600 400 200 0
FREOUENCY -

Figire 2. Infrare and Raman spectra ofsolid N F4WOFs. The broken NF4 W2 0 2 F9  "line indicates absorption due to the AgCI window material. .. . . . ... ""

products consisted of NF 3, OF2 , and WF6 in a mole ratio of

about 2:1:1, indicating the reaction shown in eq 17.

3NF 4WOF, -. 2NF 3 + OF2 + WF6 + NF 4 W2 0 2 F9  (17) z

Properties of NF 4WOF5 and NF 4W 20 2F9. Both salts are
white crystallinic solids stable at room temperature. The
thermal stability of the salts was studied in a static vacuum CSW2 0 2 F9  [.-
with a sapphire reactor equipped with a pressure transducer. I .. ..._"_ ,_- _,___. .
The NF 4WOF5 salt was found to be stable at 55 OC but at 2400 2000 1800 1600 1400 1200 1000 800 600 400 200 0
85 *C started to undergo slow decomposition according to FREOUENCY,c

M '

reaction 17 at an approximate rate of 0.03% h 1. At 155 0 C F'igure 3. Infrared and Raman spectra of solid NF 4W2O 2F, compared
the pyrolysis proceeded at a much faster rate, and after 6.5 to those of solid CsW 2 O 2F9.
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h about 90% of the starting material was converted to N F4- been attributed to the eight equivalent fluorines of W20 2F9-
W 20 2F9 and to the other products shown in reaction 17. with the bridging ninth fluorine undergoing rapid exchange
Complete conversion to NF 4W20 2F9 was achieved by heating with the HF solvent.' 2 This exchange was still rapid at -60
to 180 *C for an additional 4 h. CC, and no evidence for F-F coupling was observed. These

The ionic structure of NF 4WOF5 and NF 4W20 2F9 in both Raman and NMR data suggest that NF4WOFs undergoes the
the solid state and HF solution was demonstrated by vibra- solvolysis in anhydrous HF given by eq 18. This solvolysis is
tional and "'F NMR spectroscopy. The infrared and Raman analogous to that observed for CsWOF 5 in reaction I and
spectra of solid NF 4WOF5 and NF 4W20 2F9 are shown in explains why NF 4WOF5 could not be prepared by a direct
Figures 2 and 3, respectively. For comparison, the vibrational metathesis. Due to their limited solubility in anhydrous HF,
spectra of CsW 2O2 F9 are also shown in Figure 3. The observed some of the W2 0 2 F9- salt is precipitated out. This was con-
frequencies, together with their assignments to the NF 4*,

,7,  firmed by 'IF NMR peak area measurements on the HF
WOF -/'0 " and W20 2F9- 12 ions, are summarized in Table I solution of the original NF 4WOF5 sample; it was shown that
and clearly establish the nature of these salts in the solid state. the ratio of the fluorines on nitrogen to the equivalent fluorines
In HF solution, however, a significant change was observed, on tungsten was 1.5:1, indicating that on the basis of (18)
First of all, both NF 4 WOF 5 and NF 4W2O 2F9 were only about half of the NF 4W20 2F9 had precipitated out under the
partially soluble in anhydrous HF. In both cases the insoluble given conditions.
phases were shown by Raman spectroscopy to consist of Conclusion. The perfluoroammonium cation is capable of
NF 4W20 2F9, and the HF solution showed only NF 4

+ and forming stable salts derived from the WOF5 -and the W20 2F9 -
W 202F9- ions. In the HF solution obtained from dissolving anion but rapidly oxidizes the WF6 -anion to WF6. The new
NF4WOF5, the ratio of NF 4+:W 2O 2F9- was, as expected from N F4WOF 5 and NF 4W2O 2F9 salts were characterized, and the
eq 18, considerably higher than that found for the NF4W20 2F9 syntheses and reaction chemistry of tungsten fluoride and

HF oxyfluoride anions were studied in more detail.l 2NF4WO, + HF NF4HF2 + NF4W102F9 (18)
+F(Acknowledgment. We thank Drs. C. J. Schack and L. R.

solution. The presence of these ions and the lack of WOFs- Grant and Mr. R. D. Wilson for helpful support and the Office
in these solutions were confirmed by '"F NMR spectroscopy. of Naval Research and the Army Research Office for financial
These spectra showed a triplet of equal intensity at 0 215.5 support of this work.
with JNF = 239.5 Hz, characteristic for NF 4+, I. and a singlet Registry No. NF4WOF5, 79028-46-9; NF 4W20 2F,, 79056-35-2;
at 0 54 with two 183 W satellites with J18wF = 84 Hz, char- CsWOF,, 58341-09-6; CsW 20 2F9 , 79056-36-3; cis-Cs 2WO2F4,
acteristic for W20 2F9- in HF solution. 2 The latter signal has 79005-35-9; CsWF6, 19175-38-3; WF6, 7783-82-6; WOF4, 52049-91-9.
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SYNTHESIS AND PROPERTlIS O (NF )SF AND INTERACTION OF Sir' WITH
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F SUMMARY

The scope of the metathetical process for the production of NF +salts
14

from HIF solutions was extended to the synthesis of salts derived fror, Le.w

acids which are weaker than the HF solvent. The new salt (NF 4) 2SiF 6 was

prepared by this process and was characterized. The solubi lity of SiF4

in anhydrous HF and the reversibility of the Cs 2SiF 6+ 2HF - 2CsHF 2+ SiF4

reaction were demonstrated.

INTRODUCTION

4Highly energetic NF 4 + salts containing multiply charged light anions

are of significant interest for solid propellant NF 3-F 2 gas generatcrs [11

and high deoainpressure explosivesE2]. Whereas NF 4+ salts containing

triply chre nosare unknown, the following NF 4+ salts containing doubly

charged anions have been prepared: (NIF1 ) GeF6 13), (NF ) SnFI141, (NF ) TiF 6

[5,(NiF 4) 2NiF 6[61, and (NF 4 ) 2MnF 6[7].

Since the fourth main group elements Sn and Ge are known to form stable

(NF14) MF6 salts [3,1], the synthesis of the more energetic (NF14) SiF6 salt

seemed also possible. However, previous attempts were unsuccessfuil to pre-

pare an NF 4+ salt derived from SiF 4 by either direct methods, such as low-

temperature uv-photolysis [3], or by indirect methods, such as a standard

metathesis between NF 4SbF, and Cs 2SiF 6in anhydrous HF solution. The

metathetical approach failed because anhydrous HF displaces SiF 4 from

hexafluorosiljcates[8] according to
.44

M 2SiF 6+ 2HF *2MHF 2+ SiF 4I

6 2 14
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Since recent studies [9] in our laboratory had shown that under suitable

reaction conditions even very weak Lewis acids, such as WF6, UF6 or XeF 6,

can form stable NF4+ salts, an extension of this method to SiF 4 was investi-

gated.

In connection with this study previous reports [8] were reexamined

that SiF 4 is insoluble in and does not react with liquid anhydrous HF, a

seemingly surprising behavior in view of the well established existence of

H 2SiF 6 in aqueous HF solution.

EXPERIMENTAL

Apparatus

Volatile materials used in this work were handled in a stainless

steel-Teflon FEP vacuum line. The line and other hardware used

were well passivated with CIF 3 and, if HF was to be used, with HF. Non-

volatile materials were handled in the dry nitrogen atmosphere of a glove-

box. Metathetical reactions were carried out in HF solution using an

apparatus consisting of two FEP U-traps interconnected through a coupling

containing a porous Teflon filter [4]. Thermal decomposition measurements

were carried out in a previously described [10] sapphire reactor.

Infrared spectra were recorded in the range 4000-200 cm on a Perkin-

Elmer Model 283 spectrophotometer. Spectra of solids were obtained by using

dry powders pressed between AgCl windows in an Econo press (Barnes Engineering

Cimpany). Spectra of gases were obtained by using a Teflon cell of 5 cm path

length equipped with AgCI windows.

Raman spectra were recorded on a Cary Model 83 spectrophotometer using

the 4880- exciting line of an Ar-ion laser and Claassen filter [11] for the

elimination of Plasma lines. Sealed glass, Teflon FEP, or Kel-F tubes were

used as sample containers in the transverse-viewing transverse-excitation

mode. Lines due to the Teflon or Kel-F sample tubes were suppressed by the

use of a metal mask.

Elemental analyses were carried out as previously described [12].

Materials

Literature methods were used for the syntheses of NF4SbF6 [131

and NF 4HF 2 solutions in HF [14]. Hydrogen fluoride (Matheson) was dried

by storage over BiF 5 to remove the H 20 (151. Silicon tetrafluoride (Matheson)

was used as received. Cesium fluoride (KBI) was dried by fusion in a platinum

crucible and ground in the drybox.

S-2
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Interaction of SIF, with Anhydrous HF

Anhydrous HF (80 mmol) was condensed into a sapphire tube equipped with

a metal valve and a Pressure transducer (Validyne). The tube was cooled to

-78°C and briefly pressurized with 997 torr of SiF 4. The value was quickly

closed and during a 5 minute time period the pressure inside the tube dropped

to 320 torr. The tube was pressurized again briefly with S;F4 to 902 torr.

and after closing the valve the pressure inside the tube gradually decreased

during the next ten minutes to 509 torr. When the sapphire tube was warmed

from -78
° 

to 25
0
C, the pressure inside the tube increased to 1472 torr.

For no interaction or solubility of SiF 4 in HF, the amount of added SiF 4
(3.50 mmol) should heve resulted in a total pressure of 2675 torr. A Raman

spectrum of the liquid phase In the sapphire tube at 250 showed only bands

due to.HF and SiF . An Infrared spectrum of a mixture of HF and SiF 4 in the

gas phase also showed only the bands characteristic for HF and SiF 5.

Preparation of CsSIF , from CsF and SiFo in HF

Dry CsF (33.4 mmol) was loaded into a 50 ml Telfon tube containing a

Teflon coated magnetic stirring bar. Anhydrous HF (316 mmol) was added to

the tube on the vacuum line at -196
0
C. The tube was warmed to -78

0
C and
0the CsF was dissolved in the HF. The tube was cooled again to -196 C and

SiF (37.0 mmol) was added. The mixture was allowed to warm up to ambient

temperature with stirring. The material volatile at 25°C was pumped off.

separated by fractional condensation through -1260 and -196
0
C traps, and

consisted of SiF 4 (34.9 mmol) and HF. The residue consisted of a mushy solid

and the tube had gained 1.696 g In weight. This residue was pressurized for

2.5 hours with 720 torr of SiFo at 25
0
C which resulted in an exothermic reaction

and the formation of a white crystalline solid. The material volatile at 25 C

was pumped off and consisted of HF and unreacted SiF V The white solid residue

(6.7 g, weight calcd for 16.7 mmol of Cs2SIF 6 6.8 g) was shown by infrared

and Raman spectroscopy to be Cs2SiF 6 [16], and did not exhibit any bands due

to SiF 5 [17], HF2 or any HF adducts [14]. A third treatment of the solid

with SiF 4 did not result in any further weight uptake, HF evolution or change

in the spectra of the solid.

Preparation of (NF,)2SiF,.

A mixture of CsF (29.1 mol) and NF 4SbF6 (29.17 mmol) was loaded in the

drybox Into one half of a prepassivated Teflon double U metathesis apparatus.

Dry HF (20 ml liquid) was added on the vacuum line and the mixture was stirred
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for 15 minutes at 25
0
C. After cooling the apparatus to -78

0
C, it was inverted

and the NF4HF2 solution was filtered into the other half of the apparatus.

Most of the HF solvent was pumped off during warm-up towards 0
0
C until the

first signs of decomposition of NF4HF2 were noted. The resulting residue

was cooled to -1960 and SiF 4 (32.7 mmol) was added. The mixture was allowed

to warm to ambient temperature while providing a 912 ml ullage In the vacuum

line. During warm-up of the apparatus the SiF 4 evaporated first and upon4 melting of the NF4HF2-nHF phase a significant reduction in the SiF 4 pressure

was noted, resulting in a final pressure of 400 torr. A clear colorless

solution was obtained with no sign of solid formation. The material volatile

at 0
0
C was pumped off, separated by fractional condensation through -2100

and -126 C traps, and consisted of SiF 4 (22.6 mmol) and HF (75 mmol). The

residue, a white fluffy solid, was treated at 25°C with 400 torr of SiF 4

(15.6 mmol) for 24 hours. The volatile material was pumped off at 24
0
C for

3 hours and consisted of SiF 4 (13.2 mmol) and HF (14 mnmol). The white

solid residue was treated one more time at 25°C with SiF 4 (17.4 mmol) for

14 hours. The materials volatile at 25 C were pumped off and consisted of

SiF 4 (16.7 mmol) and HF (0.7 mmol). Since the vibrational spectra of the

solid residue still showed the presence of HF type material, the solid was

transferred to a sapphire tube and heated in a dynamic vacuum at 50
0
C for

a total of 28 hours until no further HF evolution was noted. A total of

9 mmol of HF, but only traces of NF3 and SiF 4 were collected during this

pyrolysis. The white solid residue (3.
7
599, 80% yield) was shown by vibra-

tional spectroscopy to consist mainly of (NF4)2SiF 6 with small amounts of SbF6

as the only detectable impurity. Based on its elemental analysis, the product

had the following composition (weight %): (NF4)2SiF 6, 95.5; CsSbF6, 2.2;

NF4SbF6, 2.3 Anal. Calcd: NF 42.6; Cs, 0.79; Si, 8.3; Sb, 1.6. Found:
6'3,

NF3, 42.6; Cs, 0.78; Si, 8.3; Sb, 1.6.

The filter cake from the metathetical preparation of the NF4HF2 solution

consisted of 11.1 g of CsSbF 6 (weight calcd for 29.1 mmol of CsSbF6 10.7 g),

containing small amounts of (N4)2 SiF6' formed by hang-up of some mother

liquor on the filter cake and its subsequent conversion to (NF4)2SiF 6 during

pressurization of the apparatus with SiF 4.

Thermal Decomposition of (NF ) SIP

The thermal decomposition of (NF4)2 SiF 6 in a constant-volume sapphire
reactor was studied by total pressure measurements using a Validyne pressure

transducer and a strip chart recorder. In order to minimize the effect of
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changes In the sample size during a given experiment, the largest feasible

sample (1.55 g) and the smallest available reactor volume (27.8 mL) were

used. In this manner, less than 0.4 percent of the sample was decomposed in

any given experiment. Analysis of the gaseous decomposition products showed

NF3, F2 and SIF 4 in a 2.0:2.0:1.0 moi ratio.

RESULTS AND DISCUSSION

Interaction of SiF, with HF and CsHF2

in agreement with previous reports 18], a large excess of anhydrous HF

was found to quantitatively displace SiF 4 from Cs2 SiF 6

CS2 SIF 6 + 2HF-
F 

2CsHF2 + SiF 4  
(2)

However, experiments using CsHF2 and a large excess of SiF 4 showed that

reaction (2) is actually an equilibrium which can be shifted all the

way to the left by a large excess of SiF 4 and removal of the evolved HF.

During these experiments it was also noted that, contrary to previous

literature reports 8, SIF exhibited a pronounced solubility in anhydrous

HF. This observation was confirmed in a study of the binary HF-SiF system

at -780 and 250C. Infrared spectra of a mixture of gaseous HF and SiF4

and Raman spectra of liquid HF pressurized with two atmospheres of SiF 4

at 250C showed only the presence of bands due to HF and SiF 4, but no evidence

for H2SIF 6. It therefore appears that under the given conditions SiF 4

dissolves in liquid HF, but does not form H2SIF 6 to an easily observable

extent.

Synthesis of (NF ) SiF

Based on the above observations for the CsHF 2-SiF 4 system, the synthesis

of (NF4 )2 SiF 6 wassuccessfully carried out by first preparing a solution of
NF4 HF2 in HF according to

HF
F NF4SbF6 + CsF-78' CsSbF6 + + NF HF2  (3)

followed by removal of as much HF as possible from the system without

decomposing NF4HF2, and finally repeatedly pressurizing the resulting residue

with SiF 4 and pumping off any displaced HF

2NF 4HF2 nHF + SiFq--#(NF )2SIF 6 + 2(n+l)NF (4)
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The yield of (NF 4)2 SIF 6 (based on the limiting reagent CsF) was 80 mol

percent, with the lost materials being principally due to hang up of mother

liquor on the CsSbF 6 filter cake during reaction (3). The purity of the

product was 95.5 mol percent which is typical for similar metathetical

reactionis [9, 18]. Purification by recrystallization from either HF or

BrF solution was not possible owing to displacement of SiF 4 by HF and
54

low solubility in BrF 5.
Contrary to (NF 4)2 GeF 6 ' for which treatment with an excess of GeF4

resulted in NF 4GeF5fomtn 3

(NFQ)2GeF 6 + e4 o 2 NF4GeF 5 (5

*(NF 4)2 SiF 6 when treated with an excess of SiF 4 . did not exhibit any tendency

to form a stable NF4 SiF 5 salt. This reluctance of SiF 4 to form a stable

NF 4SiF 5salt might also account for the failure to obtain NF 4SiF 5 by low-

temperature uv-photolysis of NF -F 2-S.. ........ ..

Properties of (NFI:),SiF,

04174) 2 S1F is a white crystalline solid stable at ambient temperature.

It slowly decomposes at goo C according to

(NF 2SiF 6 . N + 2F 2+ SjF4 6

is rate of decomposition was studied by total-pressure measurements at

8830Cand 99.30C. For all experiments, plots of log pressure versus log

tional reaction order. Assuming x to be the amount of (NF 4)2 SiF 6 at any
tmthe rate of decomposition equals

-dx . kxl. 12  
(7)

dt

Substituting x in this equation by x - L- where V is the reactor volume and5RT
the amount of (NF4)2 SF6  at the beginning of the experiment, (7) becomes

v dP V 1.12 (
T . k(x 0olu ilit n (8)

and

V dP
=F4GeF +e1.12 dt (9)
5RT(x V

From (9) and the observed dP/dt decomposition rates at a given decomposition

pressure P the following global kinetic constants were calculated, k(88.30C)=

S-6

It slwly dcompoes at90°C ccordng t



259

1.03XIO
"-7 mol -01ec and k(99.3°C) 0 3.08X10

" 7 mo1O-02sec -  
From the

Arrhenius relation, a global decomposition activation energy E - 26.6 kcal
-1-
Iol was obtained which compares favorably with the corresponding value of

36.6 kcal mol-
- 

previously obtained [103 for the considerably more stable

NF 4BF4 salt.

The ionic structure of (NF4)2SiF 6 was established by the infrared and

Raman spectra of the solid. The observed spectra are shown in Figure 1. and

the assignment of the bands to NF4
+ 

and SiF62- is summarized in Table 1. The

splittings observed for some of the degenerate modes and violation of some
+

of the selection rules indicate that the actual site symmetries of NF4 and

SiF 6 2- in the crystal are actually lower than Td and 
0
h, respectively, which

were used for simplicity in Table I.

w° +
C.)
Z

(NF 4 )2SiF 6

l'-z I
w
l'-
z

, l~ l . * I I * I , I

2400 2000 1800 1600 1400 1200 1000 800 600 400 200 0
FREQUENCY, CM - 1

Fig. 1. Infrared and Raman Spectra of Solid (NF4)2 SiF 6 .

The broken line indicates absorption due to the AgCl window material.
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CONCLUSION

The scope of the metathetlcal NF4
+ 

salt process in HF solution has

been extended to the synthesis of salts, derived from Lewis acids which

are weaker than the HF solvent. This modified process has been demonstrated

for the synthesis of (NF4)2SIF 6, a new salt not accessible by previously

known direct [3] or Indirect [15,19] methods.
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SUMMARY

The decomposition, solid phase change, and the formation

enthalpies were determined for NF4BF4 ., NF4PF6, NF4AsF 6, NF4 SbF6, NF 4GeF 5

and (NF4)2 GeF 6 by differential scanning calorimetry. It is shown that

(NF 4)2GeF 6 is an intermediate in the decomposition of NF4GeF 5. The

enthalpies of reaction in water of NF4BF4. NF4PF6, NF 4 AsF6 and NF SbF6

were measured and used to obtain an alternate set of formation enthalples

for these compounds. Recommended values for Hf°(NF4XF)(s) are: NF4 BF,-1410!5, NF4SbF6 - -1669t12, NF AsF 6 - -1538±1, NF PF6 - o1841±7, NF4GeF5 -

-14731), and (NF4)2 GeF6 - -1606±5 kJ mol . The formation enthalpies of the

N+ 02 6+ioafiiyoNFadtenhlpNF4  salts were used to estimate the F ion affinity of NF3 and the enthalpy

of formation of gaseous NF
+
. The reaction enthalpy of the process NF3 (g) +

F2 * NF+F(s) was estimated.
2(g)' 4 (s

INTRODUCTION

Although NF 4
+ 

salts have now been known for a number of years [1,2],

thermodynamic data on these compounds are few. Thus, until very recently,

the only available experimental data were In an unpublished report on the

enthalpy of formation of NF BF4 from its calorimetrically determined enthalpy

of decomposition (3], and overall activation energies obtained from kinetic

measurements on the thermal decomposition of NF OF4 and NF Asr 6 []. Since

4.
NF

+ 
salts have considerable potential as principal ingredients in solid-

propellant gas generators (5-7] and as high detonation pressure explosives 181.
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reliable thermochemical data are clearly needed for the computation of parameters

such as theoretical performance and flame temperatures. In addition, from the

enthalpies of formation of NF 4  salts it is possible to obtain the enthalpy

of formation of gaseous NF + on and hence the F
4 

ion affinity of NF3 ; knowledge

of these quantities allows, for example, conclusions to be reached about the

possible existence of NF in the ionic form NF4F. The existence of NF has
4 5

previously been claimed [91, however experiments carried out at Rocketdyne

using UV-photolysis of NF3 - F2 mixtures at 77K [101 have failed to confirm

this.

4
ti.The major problem in the thermochemistry of NV4

+ 
salts Is the scarcity

of suitable quantitative reactions leading to well defined products. In

the present work two very different approaches have been used, viz. differen-
tial scanning calorimetry at 150-350°C [11], and solution calorimetry at

25C [12, 13]. Under ideal conditions, the results from both methods should

agree closely; the actual discrepancies are some measure of the experimental

difficulties in preventing side reactions and, in some cases, of the lack of

reliable auxiliary data. Very recent work by two of us (11] on NF4SbF 6 is

also referred to in the present communication.

EXPERIMENTAL AND RESULTS

Materials. The compounds NF4BF4 . NFA PF6, NF4AsF6, NF 4SbF6 , NF4 GeF 5 and

(NF) 2GeF 6 were prepared by literature methods [10,14,15], and, except for the

last named compound, did not show impurities detectable by analytical or

spectroscopic techniques [i6]. The amount of impurities In (NF 0)2GeF 6,

mainly , and NF GeF 5 , was only a few percent and was too low to

significantly disturb the measurement of the thermal effects.

Differential Scanning Calorimetric Measurements. Thermograms (i.e. thermal

effect vs time) of samples loaded in an evacuable prefluorinated Monel cell

were obtained using an Arnon M.C.B. microcalorimeter. The heat effect

calibration was achieved by Joule effect generation of a known heat, the

heat changes involved during the phenomena were evaluated by comparison

of experimental and calibration peaks, the areas of which were measured with

a planimeter. The principle of the mlcrocalorimeter based upon differential

calorimetric analysis has been described previously (17], and the method has

already been shown to be successful in the thermal decomposition of other

NF4
+ 

salts [11]. For all runs the completion of decomposition was confirmed
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by weighing. The resulting data for NF4 BF4, NF 4PF6, NF4AsF 6, NF4 GeF 5 and

(NF 4)2GeF 6 are given in Table 1 and are based on the average of five runs

for each compound. The necessary ancillary data are listed in Table 2

together with those required for the thermochemical measurements. The pre-

viously observed [9,10] phase transitions were confirmed for NF4BF4 1, NF4 PF ,

NF4AsF 6 and NF SbF For the latter two compounds, x-ray powder patterns

of the high temperature phases were also recorded. For NF4 AsF6, a cubic

phase with a-9.13-0.03R was observed at 166
0
C. For NF 4 SbF6 a cubic phase

with a-5.6610.082, which was observed at ambient temperature in one of

the sample preparations, might be due to the "frozen" high temperature

form. For NF4 GeF5, a three step decomposition was observed. The first

two steps were shown by vibrational spectroscopy to mainly involve the

chemical transformation of NF GeF 5 to (NF4 )2 GeF6 ,

2NF4 GeF 5 - (NF4)2GeF 6 + GeF 4  (1)

whereas the third step is mainly due to the thermal decomposition of (NF4)2GeF"6

(NF )2GeF 6 - 2NF + 2F GeF (2)

The latter step was also confirmed by comparison with the decomposition

curve of an authenthic sample of (NF )2GeF6 . From these data, the enthalpy
4 2 6'

change for reaction (1) was found to be lI8kJ mol

The enthalpies of formation of the NF4, salts (see Table 1) were

calculated assuming the decomposition mode

NF4 +XF" 7 NF3 + F2 + X (3)

well established 14,9,10] for closed containers. The validity of this

assumption for the dynamic vacuum conditions of this study was confirmed by

collection and identification of the decomposition products and by the

excellent agreement between the results of this study for NF BF4 and those

previously carrieC out in a closed container 131. The enthalpies of forma-

tion of the solid NF
+ 

salts are given by

AHf (NF XF)
(s 

AHd FF ) +

+ [HT-Ho](NF)(g)4HT-°( 2 )(g) + [ (F [H [ T-HO](NFXF)()
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TABLE 2

Ancillary Thermochemical Data (kJ mol
"

f ° 0 NF3(g ) - -13 1.4 [18] LHf °  
- (g) - -240 [233

Ff B3(g) --1136.0 (D8] E.A. F - -328 [23]

'H f0 PF5(g ) -1577.6 [18] H
°
0 diss F2 (g) " +159 [23,24]

AHf °  
AsF5 (g)-- 1236 .8 (19] 614f F+(g) - +1760 [23,24]

6Hf SbF5(.--1328 [20, AHf
O  

K
+  

- +514.9 [22]

AN 0 GeF 4(g-1'191.9 119] AN 0 K+ (a - -'251 122]

f 4(g) V (g)

418K()

ANvap SbFS(a) 4 3 "4 a[2 1] AHsol (9 - 766 [22]

L Af 0  
SbF5(g.monomer)'-1297.1b

AHf
°  

H2 0) - 286 [22]

AHf °  HF(aq) - -332 [22]

SHf
°  

F-(aq) -335 [22]

a Refers to an approximately trimeriL vapor (see text).

b See text

Since the temperature dependence of the enthalpy of the solid NFe F salts

is unknown, and since the [HTH
o
] terms of the solid starting material and

of the gaseous decomposition products might cancel each other to a large

extent, all [H
T
-NO] terms were ignored In our calculations of LHf°(NF4XF)(s ).

In the case of NF4SbF 6 , AM was recalculated in the same manner using the
previously given [l] experimental data and AHf°(SbF )(g,monomer ) --1297.1

kJ mol- (see below) to conform with the other values listed in Table 1.
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TABLE 3

Enthalpies of Solution Reactiors (kJ mol') of NF4 XF Salts

NF4 BF 4  NFPF 6  NF4 AsF 6  NFSbF6

H 20 (-244±18) (-269±10) -330!10 (-269*10)

H 20/Pt -298:30 -309720 -329:16 -304-20

O. IMKIa (-472 15) (-471:17) (-505±17) (-504tl8)

O.IMKIb -300:-15 -299-17 -333±17 (-332-18)

IMKOH (-345±20) (-390±20) (-429!20) (-748--40)

IMKOH/Pt (-872±30)

IMHCIO L (-220t9)

lmI/3MHCI -327i27 -293t9 -310±10

IMHBr (-390!20)

Average valuer 308-26 300-16 330±13 307±15

a Experinetal values based on equation (5)

b
Recalculated values corresponding to equation (6)

C Average of the unhracketed values

d Bracketed values refer to non-stoichiometric reactions

SolutiOn Calorimetry Measurements. These were made in a LKB calorimeter

with ancillary apparatus as described previously [12]; the performance of

the calorimeter was monitored from time to time via determination of the

enthalpy of solution of potassium chloride In water [25]. Samples of between

10 and 40 mg were used, with 30 or 100 cm
3 

of water or other aqueous hydro-

lyzing medium.

In agreement with previous reports [10,16], It was found that the

hydrolysis of NF 4

+ 
salts resulted in rapid and quantitative NF3 evolution.

but that quantitative 02 evolution was more difficult to achieve. Hence,
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different reaction conditions were studied. Of the various reactions listed

in Table 3. those in water, I1- or 31-HCI and in O.IM-KI are the most

significant since in these cases quantitative or almost quartitative results

were most likely achieved. Ideally, all the compounds studied should react

with water according to the general equation.

hI

NF'.XF(S ) + H 2 0()M-N-()F3 ) * *H(Sq) * IF (60 XF (SQ)* 102(g) (5)

but 02 evolution is not quantitative (except, apparently, for NF AsF6 ),

unless sufficient Pt black Is present to decompose intermediates such

as H202 10]. If 12 0 2were to be formed quantitatively as a hydrolysis

product, then the measured enthalpy should be about 95 kJ molI less

exothermic than if the final product is oxygen; a situation that was

approximated for NFJPF6 in lM-HCO 4. Freshly prepared solutions of

NF 4PF 6 in water showed considerable oxidizing power and decolorized

permanganate, which indicates the presence of 1202. Another significant

side reaction is the formation of ozone. A recent study at Rocketdyne has

shown that several mol percent of ozone are always fomed in the hydrolyses

of NF'
+ 

salts in water,even under very carefully controlled reactions. If

0 were to be formed quantitatively, then the measured enthalpy should be
3 +

about 48 kJ per mol of NF 4 less exothermic than If the final product is

oxygen. The results with alkali show that non-quantitative reactions were

taking place which Involved the hydrolysis of the anion as well as that

the cation; as expected, this phenomenon is most apparent for SbF 6 Although

the alkali metal salts (except L) of PF6  and AsF 6  are kinetically nearly

inert towards dilute alkali at 298K, it should be noted that with the highly

exothermic NF.
+ 

salt hydrolyses there is always the possibility of anion

involvement even under carefully controlled reaction conditions. The large

uncertainties in many of the hydrolysis values are probably the results of

such factors and perhaps of others, such as incomplete decomposition of

H2 0 2 or 03 formation which would act In the opposite sense. Assuming the

followoing reaction with KI

NF'.XF(s) + 31 (aq) F3( g)+ XF (aq) + F'(aq) + 3(aq) (6)

and recalculating the measured values according to equation (5) excellent

agreement with the H20-Pt black values is obtained (Table 3), except for

NF 4SbF , where the redox reaction between Sb(v) and excess of I Is important.
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In choosing final values for the hydrolyses of NF,,IF salts according

to equation (5) (Table 4). we have taken the average of the unbracketed

values of Table 3 which, in our opinion, are least affected by side reactions.

From the data of Table 3, together with measured enthalpies of solu-

tion of KSFJ, WGF 6 ' and KSbF 6 and their known enthalpies of format ion, the

enthalpies of formation of the corresponding 1171. salts may be determined

(Table 4). using equations (5), (7), and (8)

TABLE I.

Thoheicl Dat (kj 11t for N4 FSalts at 298.21K

Anion OFPF AsF 6SbF 6

tiN (NF *salt) -0 6 301 301 371
Sol 4 0 2 a -Ol 3~1 371

tH Sl (K+' salt) +35.0 a +38.1 a 4 2. 8a +38?

LM f (K+ salt) -1884[26-28] -2312[29] - -2083[29).

iH f (NF 4 + salt) -14.67 -1900 -1663

a
This work

KXF h K+ +XIF(7

(s H.X 2 K (aq) (aq)(7

AM f 0(NF 4 F) (S , h 2-h I + iH f 0(NF 3) (g) + Hf0( (aq) + Mf (H)(aq)

-H fi0 (K) (aq) - 6ilf O(H2 0) m + AM f (KXF)(S) (B)

Substituting the appropriate ancillary data from Table 2, equation (8)
becomes

tif (NF 4XF) (S) , h 2-h I + &HIF 0 (KXF)) + 71.kJ mol - (9)

The solubility of NF 3 In water is small(30,31J SO 6HS501 (NF 3) (g) has

been neglected. Assuming that the uncertainties in the values of h I are

most significant, the uncertainties In the AM f (NF 4 XF)(, values of Table 4a

4are probably 130 WJ mot-l or less, depending on the nature of the anion.

DISCUSSION

The data for enthalpies of formation of NF 4 BF1 , NF 4 PF6, NF 4 AsF 6 '

NF4 SbF 6 0 WF 4 GeF 5 and (NF 4) 2GeF 6 are brought together In Table 5, which
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indicates clearly the agreement for NF4SbF 6 and the divergences for NF BF

and NFPF 6 using the two very different approaches. The results for WF4 SbF6

are based upon AHf(SbF5 ) M - =1328 kJ oolnl rather than the previously used

[i] value of -1336 kJ mol - , and it has been necessary to assume the equili-

ri urn 1/(SbF 5)4 (g) : SbF5(0 with a relative molecular mass corresponding to

trimers at the b.p. [32] and to monomers at the decomposition temperature of

* NF4SbF 6. The enthalpy of dissociation of '/,(SbF5)4 has recently been estimated-1

to be 18.5 k mol from vapor density measurements, assuming a mixturt of

two tetrameric and one monomeric SbF 5 corresponding to an average trim, ic

molecular weight (32]. Although gaseous SbF 5 has recently been showr by

electron diffraction to consist at ambient temperature principally of the

trimer [33], the abo~e value, combined with the enthalpy of vaporaizat;on of

liquid SbF 5 to the cassous trimer [22], car be used to estimate 6H(SbFs(()+

SbF 5 (g) (monomer)) = 8/9 tHdiss + 1/3 AHvap . 30.9 kJ mol 
, 
based on the

following equations:

2(SbF5)4 + SbF 5  3 (SbF5)3  SbF 5)3() 5 -- a(SbF5)3(,'

'/,(SbF Hdiss F ()

5 4 (g) 5

A comparison of the data of Table 5 shows fhat for NF4 BF4 the DSC and

the previously founc [3] thermal decomposition calorimetry value are in

excellent agreement. Both values were obtained with relatively small un-

certainties by direct methods and support a value of -1410t5 kJ mol for
LHf°(NFBF)s. For NF4 SbF 6 , the DSC and the solution calorimetry value

f444 6'"
are in good agreement and support a value of -1669±12 kJ mol for

16Hf°(NF 4SbF6  For NF4AsF6 , NF GeF and (NF ) GeF only a DSC value

is available, and for NF4PF6 the DSC and the solution calorimetry value

differ by 59 kJ mol-
1
. For the latter compound, we prefer the DSC value

lk
because it was obtained by a direct method with a relatively small uncertainty,

and because two of the other DSC values have been confirmed by independent

methods. It should be kept in mind, however, that all these values still
T o

need correction for the [H -H ] terms, when these become available.

The relatively large discrepancies between the DSC and the solution

calorimetry values for NF4BF4 and NF4 PF6 are not surprising in view of the

experimental difficulties encountered with finding and selecting suitable

hydrolysis conditions, the relatively large uncertainties and variation in

T-10
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values as a function of the hydrolysis media, and perhaps most of all, the

additional uncertainties in certain of the required ancillary data. Our

present preference for the DSC values is also supported by the dissociation
enthalpy values of Table 5. since the DSC values exhibit values and trends

which are more In line with our expectations based on the strongly differing

F" affinities of the corresponding Lewis acids. To obtain the F+ Ion affinity,

h 3 of NF3 (equation 10), and the

SiF+ F3 6 +

3(g) (g) 4 (g) (I0)

enthalpy of formation of gaseous NF4 + a knowledge of the lattice enthalpies
+ 4 4of the NF4
+ 

salt and of the corresponding K salt of the same anion is

required. The appropriate thermochemical cycle and equations are given by

(lO) to (12).

h--h
H40 +NFF -KXF - NF -K + H 

+
F

2( h:F M() (s) 3(g) aq)( (q)+ (a q) 2(g)

-U(N XUNU( F kXF

(2.) (g)\h

Substitution of the known thermochemical values given in Table 2 yields

h3 - h 2-hI + UKX F-  - o4O kJ mol "1  
(13)

The lattice enthalpy of KSbF is known (-585 kJ mol-
1
) (29], and that of

NF 4SbF 6 may be estimated, utilizing incomplete structural data (34].

NF 4SbF 6 has a tetragonal unit cell; the NF4+ ions have been placed in

the structure with rNF - 1.25R, but the SbF. ions are disordered. Using

q(Sb) - 1.7, as in KSbF6 , we have estimated lattice enthalples for NF 4SbF 6

from q(N) - 0 to q(N) - 1.0. using the real structural information, as far

as it can be determined. In practice, the variation of lattice enthalpy

T-1 1
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with both Q(N) and q(Sb) Is small, and we estimate a value for U(NF SbF6 )

(q(N)-l.O) of -435110 kJ mol
-
I. From (13), the F

+ 
affinity of NF Is -84S kJ

-l + -I
mol and the enthalpy of formation of gaseous NF4  is 784 kJ mol. in view

of the various as jmptions involved, it is difficult to gauge the error in

these quantities, but it is likely to be of the order of ±30 kJ ol
"1
. Our

value of .784±30 k mol" I for AHf°(NF4 +) () is in fair agreement with a

previous estimate [9] of +854±40 kJ mol
" 1 , 

derived from the thermal

4 calorimetric 6Hf °(NF4 BF 4 ) (s) value [3], H f
0
(BF4 -)(g) and an estimated

lattice energy of -494 kJ mol"I for NF1 .BF4 .

The value of AH(NF( g FJ
+ 
g) F -845 kJ mol Is close toTevueo (N3(g) + (g g)-I-i

the proton affinity of NH3 (-860.5± 2.0 kJ mol ) [35,36]. Although the

average bond energy in NF3 (278 kJ mol) is significantly lower than that

in NH3 (391 U mol 
1
) [37], the addition of a positively charged fourth

ligand to NH3 enhances the N6+6polarity of the existing N-H bonds and

thereby weakens them. In NF3, the polarity of the bonds Is reverse,+

i.e.6- 6 + 
and the addition of F results in more covalent and stronger

F-N'
N-F bonds. This opposite effect of X addition to NH3 and NF3 is also

reflected by their bond distances and stretching force constants (38-401

shown In the Table 6. The dramatic strengthening of the N-F bonds of NF3

by addition of F
+ 

is further demonstrated by the large dissociation enthalpy
+ + + -

of the first N-F bond in NF(g), AH(NF (g) -NF 
, 
9 + F () -419 kJ mol

obtained from the above 6Hto(NF 4 )(g) value and the known AHf
0
(F) (g) - oo0 -I g

kJ mol
" 1 

[24] and 6Hf (NF - 1123 U mol values. The latter value

was calculated from the enthalpy of formation [18] and the first ionization
potential [11 of NF 3.

TABLE 6

Comparison of Bond Distances ( ) and Stretching Force Constants

(mdyn/R) in NX3 and 
NX 

4 .

f
r r

NH3  1.01 6.54[38]

NH 4 1.03 6.0[38]

NF3  1:365 4.31140]

NF + 1 . 2 5 -1. 3 0a 6.15[39]

a Estimated from force constants [39] and incomplete structural data [34].

T-12

____________



275

The Existence of NF. For the hypothetical NF5 molecule, the ionic NF4+F"

form should energetically be more favorable than a covalent NF [14 The above4

derived value for the F ion affinity of NF3 may be utilized to derive a value

for the enthalpy of formation of solid NF 4 F from NF3 and F2 .  In the following

cycle

h

NF 3(g) + F2(g) -5 NF4+F-(s)

J + 159 J U(NF4F)

NF3(g) + 2F(g) + F_(g) )(g)

+1352 -845

NF3(g) + F (g) + (g

all the quantities are known except for the lattice enthalpy of NF4+F'.

Using the configuration of NF4+ from the NF 4SbF6 structure (34], it is

possible to estimate U(NF 4F), assuming a CsCl type of structure as In

NH 4Cl, and suitable F-F distances. A cell dimension of ao- 4.51R

gives N-F - 1.25R and F-F' - 2.66 which yields a lattfce enthalpy for

q(N) - 1.0 of -630 kJ mol-. This value Is not sensitive to changes in

q(N) and is similar to a previous estimate [9] of -615 kJ mol
- .

Substitution in (14) yields Af(NF 3 (g) + F2(g ) -NF
4
F(s)) - + 36(t40)kJ mol

" 1

The free energy change would, of course, be even less favorable and it is

very unlikely that acovalent NF5 would be more stable. These conclusions are

In agreement with previous failures [10] to synthesize NF 4 at temperatures

down to 77K from NF + F2 by uv-photolysls.
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Gas-Phase Structure of Chlorine Trifluoride Oxide, CIF30

HEINZ OBERILAMMER and KARL 0. CHRISTE0

Receiv'ed A4pril .21. 1981

The molecular structure of CIF 30 has been studied by gas electron diffraction. A distorted trigonal bipyramid with the
following geometric parameters (r. values) was obtained: Cl 0 = 1.405 (3) A, cl-Fc = 1.603 (4) A. Cl- Fa = 1.713
(3) A, cF,CIO =108.9 (0.9)*. zFClF, =87.9 (1.2)0, and zF,C1O = 94.7 (2.0)0. Steric repulsion effects in equatorial
and axial directions for the double bond and the lone electron pair of chlorine are discussed. The position of the lone pair
was derived frort ab inito calculations.

Introduction 'Table 1. Results sot thre I Ict ron Difftraction Ispe ritnent and

Chlorine trifluoridc oxide was independently discovered in Spec~t roscopric Calc ulatiotis
1965 at Rockeldyne' and 1970 at Saelay. 2 No structural data (a) Geoitic Paramreters (r. Values) (A and Degy"
have been published for this interesting compound, except for ('1-0 1.405 (3) / F1 a~

1
4 87.9 (1.2)

its vibrational 23
1 and 19 F 14 and "'~0 N MR spectra, which were cI 'e. 1.713 (4) L1 941:b 7.7 (4.1i

in agreement with a pseudo-trigonal-bipyramidal structure of L(10 I0 7 (.9
symmetry C,. In this structure, two fluorines occupy the axial
positions and one fluorine, one oxygen, and one sterically active Spcrsob) Dt ndHroi Vibrational ACltdsormIecrn frrctions Ati
free valence electron pair occupy thc equatorial positions. It SpcrspcDaandHroiVbatnl reconIA
was recently proposed' that free valence electron pairs and Tr vibrational amplitudes
bonds can result in directional repulsion effects for trigonal- ed spectr ra - r
bipyramidal molecules. Since CIF30 possesses both a free l0 0327 006 0.00
valence electron pair and a tr bond, a knowledge of its exact cl F, 0.04 1 (7 )C (.(47 0.0001
molecular structure was of great interest. In this paper, the Cl L0  0.048 (7 )C 0.0513 0.0010
results of a structure determination of CIF 30 by gas-phase Fe...0 0.066 (6)c 0.065 -((.0008
electron diffraction are given in support of the previously L..0 0.073 (6 )C 0.072 0.0000
proposed' directional repulsion effects. l e 0.079 (6)c 0.079 -0.0007

Fa. a 0.061 (10) 0.067 -0.0010
Expermentl Setion(c) Agreement I actors for Both Camtera Distances

The sample of CIF30 used for this study was prepared by low- R,= 5.2 R,=7.0
temperature fluorination of CION0 2 using a previously described See text for estimated uncertain ties. blepnntarmt.
method.' The samtple was purified by fractional condensation, followed Deedn Raiocosrane o heseetrscpc ale

by coimplexation with KI- aind cotttrolled vacuum pyrolysis of the
resulting KCIF 40 adduct.' The product showed no impurities de-
tectable o., vit.tit,rnorl and NMR spctroscopy' " and was handled Table II. Atomic Net (Cbarges. Dipole Moment, and Osverlap

CXCUM l) n ellpasivaed(with CIFj) Tellon-stainless steel Populations for CI1,0
equipment.

The electron diffraction intensities were recorded with a Balier tret charge oserlap pop.. au
diffractogra1 h Kl).(2' at two camera distances ( 0 ird 25 cirl and l 17, ll.0o2
an acceler~iitig voltage of about 60kV The nolile temperature was F, 0.31- (1 1 a 0.070
10 *C. arid the sairtple wais kept at 35O(" lirec.incra pressure Fa 0.46-. 0 0, 7,r 0 1(03
never exceeded I X It)' torr during the experirmicnt (throughout this 0 0.53- Ira 0(091
paper I A = 100 pm. I tvtrr = 101i 31251760 kPa). The electron
wavelength was determined front mi.) diffraction patterns s ranges 1.74 D
(s = (41r/\) sin (0/2). X electron wavelength. 0i = scattering angle) aSee F igure 3 for tire direction of dipole monient.
of 1.4-17 A ' and 8- 35 A .for the two camera distances, were covered
in the experiment. For each camera distance two plates were selected

£and the intensity data were evaluated in the usual way." The averaiged harmonic vibrational corrections Ar = r.- r,, (Table 1) were
moleula inenstie wee masued n sep. of.~. (2A . calculated from the force field of ref 3 with the program

Results and Discussion NORCORit1 Two correlation coefficients had values larger than

Structure Analysis. The observed molecular intensities are
given in Figure 1. A preliminary geometric model was derived __

from the radial distribution function (Figure 2) and then it) Pilitivich, D.; Lindahl. C. B. Schack, C J .Wilson. R D .(hrstr. K

refined by a least-squares analysis based on the molecular (2) . Inorg. Chem. 1972. 11. 2189
(2 Bougori. R.; Isabey. J.; Plurien. P C R liehmd Seane,, .4cad Sm., Ser

intensities. A diagonal-weight matrix was used,' and theo- C 1970, 271, 1366.
retical intensities were calculated with the scattering ampli- (3) Christe. K. 0.; Curtis, E. C. Inorg. C'hem. 1972, 11, 2196
tudes and phases of Haase."O The only geometric constraint (4) Alexandre, M.; Rtigry, P. Can. J. Chem. 1974,532. 3676,

was an assumed C, symmetry. The ratios between the vi- (S) VirIet, J.; Tantoit, G. Chem. Phys. Left. 1976. 44. 296.

brational amplitudes of the bonded distances .snd of some (6) Christc. K. 0., Oberhammer, H. Imorg. Chem. 111, 20. 296,

nonbonded distances were constrained to the spectroscopic (7)319t.K0;Shck .J.d.Imr 'hmRdu-e 96 8
values (see Table 1). Parallel vibrational amplitudes and (8 Oibrraimer, Hi. In liol. Srruct. Dijfr Methodsm 1976. 4. 24,

(9) Oberhammer. H.; Gombtcr, W.; Witner, H. J Uol Struci. 11,. 70.
_______ ___________ _______273.

(t0) Ifaase. J A. Z NArturforsch., A 1970, 25i.4, 936.
To %homt correspondence sttoutd he addrrs~ed it H,%cuidnc 0tt) Christen. 1) J. Morl. Srst. 1979. 48. t0t.

U-1
Ni,.prinited fronii Ino.rganric Chemistry, 1982, *1. 273.

C, psrrght , IS h% is the Aminirt aim Chlerial Soiciety and reprinted bY piermrission orrf the coipyrightt o wnier.
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table Ill. Geometric l'arflerers of Sonic Clilorinc-I-luorinc-Oxygen Comipounds (A and Decg)

F F

0I 1: 1.628 1.598 (5) 1.571 (14) 1.603 i4) 1.697 (3) 1.619 (4)
Cl 1a 1.698 (5) 1.669015) 1.71313M
0l 0 1.40S (3) 1.418 (2) 1.404 (2) 1.475 Of
/ FC'lla K7.5 (5) 86.U (15) 87.9 (12)

L :I ('II 175.0 (7) 170.5 (41)
108.9 (9 )h

OCIF 94.7 (20)1 101.7(l) 100.8 (8)
..OCIO 115.201) 116.6 (5) 117.7 (17)

rt values tront ref 19. br. values fromn ref 20. "Ta values front ret 21. d r. values fromt this work. 'ro, values fromt ref 22. f r. values
front ret 23. r. vaalues froin ret 24. .h~ I-~ OClV;..

4 6 80 1 20 60 20 24 0 28 0 32 0
S I /A~g I

Figure 1. Fxperimental (points) and calculated (-1 olecular intensi tics and differences.

4F
FF

879
871

94 7* 0 35

Fa

20) (b)

Figure 3. Bond angles in axial (a) and equatorial (b) directions.

possible scale error of 0.1% is included for bonded distances.
Ab Inito Calculatiom. The molecular wave function at the

- experimental geometry was calculated with the program
.5 ~-" '~ . ~-j TEXAS." For second-row atoms, 4-21 basis SetS13 were used,

and for chlorine, a 3-3-21 basis set,"' supplemented by d
- -~..-~---~---functions,

t 2 was used. The position of the chlorine lone electron
it ;1 '30 pair (Figure 3) was obtained by transformation to localized

-at A~.~..orbitals, using Boys' criterion."t  Atomic net charges and

Figre 2. Experimental radial distribution function and difference . ____ . 29

curve. it12) I'sIay. P I her ( hirr t , a17. 0 9
(13) Pula). P. FugArisi. Ci.; Pang. F; Boagg. J L. J. Am. Chem Soc. 19",

0.5: (LFCIF,/zF.CIOI = 0.88 and [l(bonded)/IFfir..Fa)] 10/ in). 2O
0.61 Th reultsof he eas-squresanaysi arcsumnaried (14) (.berharniiiwr, 11; Uig, .1 V J AloI.Srrucr. 1979. 55. 2813.
0.61 Th reult ofthe eas-sqare anlysi ar sumarzed (IS) Boys. S. F In 'Qsjantum I hcor) of Atoms, Molecules. and the Solid

in Table 1. Estimated uncertainties are 3(y values, and a State"; lodin. 11 it. , d . Acadctm,i. Press. New York. 19166
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overlap populations (Table 11) were derived by a Mulliken three-center-four-electron bond pair.. 7.'8

population analysis. 6  A comparison of the bond lengths in CIF 3O with those in
Molecular Structure of CIF3O. Chlorine trifluoride oxide closely related molecules (see Table Il1) also correlates well

is a distorted-trigonal-bipyramidal molecule with three dif- with the conclusions previously derived from force field com-
ferent ligands in the equatorial plane: a single bond, a double putations.3 ."" These computations had shown that, if the
bond, and a lone valence electron pair. The angles (Figure bonds are separated according to the two possible types (i.e.,
3) between the axial bonds and the double bond are larger (by mainly covalent and mainly semiionic 3c-4e), the bond
about 70) than the angles between the axial bonds and the strength within each type increases with increasing formal
single bond or the lone electron pair; i.e., the axial fluorine oxidation state of the central atom and decreases with in-
atoms are bent away from the double bond into the sector creasing oxygen substitution. The first effect is due to an
between the single bond and the lone electron pair. This increase in the effective electronegativity of the central atom
demonstrates that in the axial direction the steric repulsion with ii.creasing oxidation state. This increase causes the
of the double bond is larger than the repulsion from either the electronegativities of the central atom and the ligands to be-
lone pair or the single bond. The angles in the equatorial plane, come more similar and therefore the bonds to become more
however, indicate that in the equatorial direction the repulsion covalent. The second effect is caused by oxygen being less
by the lone pair is largest, followed by the double bond, with electronegative than fluorine, thereby releasing electron density
the single bond being smallest. This directional repulsion effect to the molecule and increasing the ionicity of the CI-F
of double bonds, which has been pointed out previously,' bonds.7' 18 Although the previous force field computations
correlates well with the different populations of the 7'-bond clearly reflected these trends, the uncertainties in force con-
orbitals in the axial and the equatorial planes. 7 For CIF 30, stants, obtained from an underdetermined force field, were
these populations (Table II) are almost equal. rather large and certainly are not as prccise as the more re-

The observed bond distances (CI==O = 1.405 A, CI-F = liable bond length measurements from this study.
1.603 A, Cl-F, = 1.713 A) agree well with previous estimates Acknowledgment. H.O. wishes to express his appreciation
(C--O = 1.42 A, CI-F, = 1.62 A, CI-F = 1.72 A) 3 derived to NATO for a research grant, and K.O.C. thanks the Office
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APPENDIX V

+
SYNTHESES OF NF4 SALTS DERIVED FROM THE LEWIS ACIDS AIF AND BeF

3 2

KARL 0. CHRISTE, WILLIAM W. WILSON AND CARL J. SCHACK

Rocketdyne, a Division of Rockwell International Corporation,

Canoga Park, California 91304 (U.S.A.)

SUMMARY

The new salts NF4 Be2F5 and NF4AIF 4 were prepared from .oncentrated NF 4HF 2

solutions and BeF2 and AIF 3 respectively.

INTRODUCTION

Salts containing the NF4  cation are of significant practical interest

for high detonation pressure explosives [I] or solid-propel':ant NF -F gas

3 2
generators for chemical lasers [2]. For these applications, it is desirable

to maximize the usable fluorine content, expressed as weight percent of

fluorine available as F or NF upon thermal decomposition of the salt.

Optimization of the usable fluorine content is best achieved by the selection

of an anion which is as light as possible, is multiply charged and, if

possible, is itself an oxidizer capable of fluorine evolution. Of the

presently known NF4 salts, (NF4 )2 NiF 6 (64.6%), (NF4)2 MnF6 (59.9W),

(NF4)2 SiF 6 (59.0%), (NF4) 2 TiF 6 (55.6%) and NF4 BF4 (53.7%) have the highest

usable fluorine contents. Theoretically, a further increase in the usable
A +

fluorine content of NF4 salts should be possible by the use of the very

light and multiply charged anions, BeF 4 2- and A1F 3-. Their NF4
+ salts

41 64
would have a usable fluorine content of 71.7 and 69.3 percent, respectively.

In this paper, we report on the syntheses of NF4 salts containing anions

*41 derived from BeF 2  and A1F 3 '
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EXPERIMENTAL

Apparatus. Volatile materials used in this work were handled in a

stainless steel-Teflon FEP vacuum line. The line and other hardware used

were well passivated with CIF 3 and, if HF was to be used, with HF. Non-

volatile materials were handled in the dry nitrogen atmosphere of a glovebox.

Metathetical reactions were carried out in HF solution using an apparatus

consisting of two FEP U-traps interconnected through a coupling containing

a porous Teflon filter [3].

-l

Infrared spectra were recorded in the range 4000-200 cm on a Perkin-

Elmer Model 283 spectrophotometer. Spectra of solids were obtained by using

dry powders pressed between AgCI windows in an Econo press (Barnes Engineering

Company). Spectra of gases were obtainel by using a Teflon cell of 5 cm path

length equipped with AgCl windows.

Raman spectra were recorded on a Ca y Model 83 spectrophotometer using

the 4880-2 exciting line of an Ar-ion laser and Claassen filter [4] for the

elimination of plasma lines. Sealed glas, Teflon FEP, or Kel-F tubes were

used as sample containers in the transverse-viewing transverse-excitation

mode. Lines due to the Teflon or Kel-F sample tubes were suppressed by the

use of a metal mask.

Elemental analyses were carried out as previously described [5].

Materials. Literature methods were used for the syntheses of NF 4SbF 6 [6]

and NF4 HF2 solutions in HF [7]. Hydrogen fluoride (Matheson) was dried by

storage over BiF 5 to remove the H2 0 [8). Cesium fluoride (KBI) was dried

by fusion in a platinum crucible and ground in the drybox. Beryllium difluor-
ide was prepared by pyrolysis of (Nh4 )2 BeF 4 at 270 ° to 3600 in a 2 flow tube

using Al boats as sample containers. The (NH4)2 BeF 4 was prepared by combining

solutions of beryllium metal in 12% aqueous HF and of NH4HF2 (15% excess) in

5% aqueous HF. Most of the solvent was evaporated at 120 0 C and the resulting

slurry was filtered at 00 C, washed three times with an ice cold 20% ethanol

solution, and dried at 110 C for 24 hours. The purity of BeF2 and (NH4 )2 BeF 4

was checked by vibrational spectroscopy, and no impurities could be detected.

Aluminum trifluoride was prepared by treating freshly sublimed AICI 3 twice
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with a large excess of anhydrous HF at ambient temperature, followed by

removal of HCl and the excess of HF in vacuo at elevated temperature.

Preparation of NF4Be F Dry Csf (30.34 mmol) and NF4 SbF6 (30.47 mol)

were loaded in the drybox into one half of a prepassivated Teflon double-U

metathesis apparatus. Dry HF (20 ml) was added on the vacuum line and the

mixture was stirred with a Teflon coated magnetic stirring bar for 15 minutes

at 250 C. After cooling the apparatus to -780 C, it was inverted, and the

NF 4HF 2 solution was filtered into the other half of the apparatus hich con-

tained 12.14 rmnol of BeF 2. The mixture was stirred for 65 hours at 250 C,

followed by removal of most of the HF until the onset of NF4 HF2 decomposition

became noticeable. The concentrated mixture was stirred at 25 C for 14 hours

and a clear, colorless solution resulted. Ill volatile materials were pumped

off at 550 C for 15 hours, leaving behind a viite solid (1.44 8s, 97% yield

based on BeF 2 ) which, based on its elemental analysis, had the following

composition (weight %): NF4 BeF 3 .1.O6BeF 2, 84.06; NF4SbF 6, 11.23; CsSbF 6 4.71.

Anal. Calcd: NF3, 31.45; Be, 7.58; Cs, 1.70; Sb, 5.75. Found: NF3, 31.43;

Be, 7.58; Cs, 1.69; Sb, 5.74.

Preparation of NF AlF . Freshly prepared AIF (0.469g, 5.58 mmol) was combinedq3

with NF4 HF2  generated as described above from 33.8 mmol of NF4SbF ) in 35

ml of HF. The mixture was stirred at 25 C for 1 hour, then most of the HF

solvent was pumped off until incipient decomposition of NF4HF2 became notice-

able. After stirring for 2 hours at 250 C, this concentrated mixture turned

into a clear solution. The reriaining HF solvent and the excess of NF4 HF2 were

removed at 550 C for 40 hours in a dynarric vacuum. The weight (1.257g) of the

solid white residue agreed with that expected for 5.58 mmol of NF4AlF 4

(1.077g) containing, as in the case of the analagous NF4Be2 F5 preparation,

about 17 weight of NF4SbF6 and CscF T'The presence of these iors was

confirmed by vibrational spectroscopy wh.ich also demorstrated the absence of

any unreacted NF HF
4 2*
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RESULTS AND DISCUSSION

The syntheses of (NF4)2BeF 4 and. (NF4 ) 3AIF 6 by direct methods involving NF3,

F2 and the corresponding Lewis acid in the presence of an activation energy

source [9] is not possible because BeF and AIF are nonvolatile polymeric2 3
solids. Simple metatheses

M3 AIF6 + 3NF 4 SbF 6 solvent 3MSbF6 + (NF4) 3AIF 6

were also investigated where M was either Cs or Na and the solvents were

either BrF 5 at 25
0 C, HF at -78C or molten NF4SbF 6 at 2750C under 1000 psi

NF3 and F2 pressure. In all cases, no evidence for (NF4) 3AIF 6 was obtained,F2 3- 2- 3
probably because the AlF 6  and BeF 4  anions are ery strong Lewis bases

which undergo rapid solvolysis, such as

AlP 63+ 2HF - 2HF 2 + AIF 4

This metathetical approach was further complicated by the fact that the AlF
14

salts appear to be quite insoluble and therefore cannot be separated from

the highly insoluble alkali metal SbF 6  salts. Since previous studies in

our laboratory had demonstrated that these solubility and separation problems

can be overcome by digesting a polymeric insoluble Lewis acid, such as UOF 4 i103

or WOF 4 Ill, in a large exess of a highly concentrated NF4 HF2 solution, this

approach was also applied to AlF 3 and BeF 2.

The concentrated solutions of NF4 HF2 in HF were prepared according to

HF

NF4 SbF 6 + CsHF 2 -- CsSbF 6  + NF4HF 2

6780C 6

followed by its addition to either AIF 3 or BeF . After digesting these

mixtures at 25°C until clear solutions were obtained, the excess of unreacted

NF4 HF which in the absence of a solvent is unstable at 25°C, was decomposed

at 55°C

NF4HF 2 l- NF3 + F2 + HF

and pumped off. Based on the observed material balances and spectroscopic

and elemental analyses, the solid residues consisted of mainly NF4 Be2 F5 and

NF4 AIF 4 with some NF4SbF6 and CsSbF6 as the expected impurities. Attempts
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to purify NF4AIF 4 by recrystallization or extraction with HF were unsuccessful

due to the low solubilities of the salts involved and due to solvolysis. It

appears that the presence of a high HF2  ion concentration is required to

diminish the acidity of the HF solvent and to suppress the solvolyses of the

stog eisbse IF3A- F o 2-strong Lewis bases AI46 , AIr 4 or BeF 4  . The fact that at the end of the

digestion periods of AIF 3 or BeF2 in HF solutions of NF 4HF 2 clear solutions

were obtained, while NF4 AIF 4 and NF4Be2F5 appear to possess only limited

solubilities in HF, suggests the possibility that, in the presence of a large
excess of HF2 ,either AIr6 or BeF4 might exist in these solutions.

Obviously, an excess of HF2 should suppress the following solvolysis reactions
3--_

AIF + 2HF - AIF4 + 2HF 2

AIF 4 + HF-- AIF 3 + HF2

Unfortunately the nature of the complex fluoro anions in theie solutions

could not be established because these anions are inherently poor Raman

scatterers. Nor do they result in separate 19F NMR signals due to rapid

exchange with the HF solvent.

Although the above described experiments did not permit the isolation of

either (NF4 )3 AIF 6 or (NF4)2 BeF 4, they resulted in the syntheses of the new

salts NF4Be2F5 and NF 4AIF . The existence of the Be2 F anion is well known,

and the infrared spectrum observed for NF4 Be2 F (see Figure 1) confirms the
presence of Be2 F5 F12. Due to the poor scattering by the anion, the Raman

spectrum of NF Be2F (see Figure 1) is dominated by the NF4
+ lines. These

25
lines are in excellent agreement with a tetrahedral NF4 + cation exhibiting

splittings into the degenerate components of each mode due to site symmetry

lowering or slight distortion of the cation. The assignments for NF4 + agree

well with our previous observations [131 and are summarized in Table 1.
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TABLE 1. Vibrational Spectra of NF4 Be2 F5

r Obsd freq, cm- and rel. intens.--- v-Assignment for NF4

in point group Td

IR Ra

2310vw 2V 3 (A I + E + F2 )
1995 w V + v (F2)

1 3 2
1455 + v (F2)

1444

1234

1220 rw 2x4 (A1 + E + F2)

12'0

11 L5 sh 1189 (1.0)

1163 vs 1158 (1.0) V3 (F2)

111,5 sh 1141 (1.0)

9-,5 s,br Be2 F5

851 (10) v1 (A1 )
765 ins, br|

690 ms, bri Be F
2 5

623 rrw 621 (1.9)

611 m 610 (3.3) v4 (F 2 )

597 mw 599 (2.4)

558 vw

498 vw

458 (2.2)1

447 (2.1 2
436 m

416 ms Be F5

400 mwV
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Figure 1. Infrared and Raman Spectrum of Solid NF4 Be2 F5

The results of this study demonstrates that, in principle, the synthesis

of NF4
+ salts containing complex fluoro anions derived from either AlF 3+

or BeF2 is possible. Hoever, the isolation of NF 4 salts containing the

strongly basic AIF 63- or BeF42- anions remains a challenge for the synthetic

fluorine chemist.
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APPEND IX W
2.2.7 Preparation of Halogen Oxyfluorides

Halogen oxyfluorides are prepared by forming either halogen-fluorine or

halogen-oxygen bonds. Since this chapter deals exclusively with the formation

of the halogen-halogen bond, preparative methods for halogen oxyfluorides based

on the formation of halogen-oxygen bonds are not included.

2.2.7.1 By Reaction of Halogen Oxides with Elemental Fluorine

The interaction of F2 with chlorine oxides, such as CI021 C1-25 0 6 or

CI2 07 8 produces FC1O 2. Quantitative yields of FCIO 2 are obtained with C102 as

a starting material and moderated reaction conditions. Inert solvents, such as

CFC1 3, or diluents, such as air or N2, are recommended to avoid hazards owing

to the explosive nature of the chlorine oxides. For the higher chlorine oxides,

the need for elevated temperature and the decreased yields of FC10 2 suggest that

the primary step in these reactions involves the thermal decomposition to CIO 2

whi'ch is then fluorinated. Therefore, all of these reactions are likely to

involve the step:

2C10 2 + F2 -w- 2FC10 2  (a)

In view of the shock sensitivity of .chlorine oxides, none of the above

methods is recommended for the large-scale production of FC1O 2,, and necessary

safety precautions must be used. The recommended method for the preparation

of-FC1O 2 is the reaction of NaClO3 with CIF 3 (see section 2.2.7.6).

The low temperature (-780C) fluorination of C120 with elemental fluorine

9produces C1F30 as the main product . Depending on the reaction conditions, the

by-products can be either CIF or CIF 3:

2F2 + C120--CIF30 + CIF (b)

3F2 + C120--'-CIF 30 + CIF 3  (c)

When no catalyst is used, or if KF and NaF are present as catalysts, CIF is

the main byproduct. When the more basic alkali metal fluorides, RbF and CsF,

are used, CIF 3 is the coproduct. The formation of CIF 3 rather than CIF is

w-1
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associated with the more ready formation of CF2 " intermediates with RbF and

CsF. Yields of CIF 30 from Cl 20 vary and are affected by the alkali fluoride

present. Yields of >40% are obtained and reach >80% using either NaF or CsF.

Since NaF does not form an adduct with CIF 3010, stabilization of the product

by complex formation does not influence the CIF 30 yields.

Owing to unpredictable explosions experienced with liquid Cl20, attempts

are made to circumvent the C120 isolation step, and the crude C120, still

absorbed on the mercury(II) salts, is directly fluorinated. Again, CIF 30

is formed, but its yield is too low to make this synthetic route attractive.

The fluorination of solid Cl20 to CF 30 proceeds at -196 0C provided the

fluorine is suitably activated by methods such as glow discharge. Unactivated

fluorine does not interact with Cl20 at -196GC. The low yield of CIF 30 (1-2%)

makes this modification impractical.

Owing to the shocksensitivity of C120l , its fluorination reaction is not

the preferred method for the preparation of ClF30 Replacement of Cl20 by

the more stable CONO2 results in a safer process (see Section 2.2.7.5).

By analogy with ClO2, BrO2 is'readily fluorinated by elemental F2 to

give FBrO 2 in high yield
11 :

* 2BrO2 + F2 1 2FBrO2  (d)

However, direct reaction with F2 is not practical because even at -78°C the

reaction is exceedingly vigorous resulting in spontaneous decomposition of

the BrO2 and explosions. Liquid Cl2 or perfluoropentane is used as a diluent

to moderate the reaction; BrO2 is not soluble in these solvents and must be

suspended. Again, this method is not recommended for larger-scale preparations

of FBrO2 and appropriate safety precautions must be taken.
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The fluorination of 1205 with elemental fluorine in anhydrous HF may 12

result in FI0 2, but this claim is refuted by a subsequent study 13 which shows

that anhydrous HF quantitatively converts 1205 or FIO 2 to IF5.
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2.2.7.2 By Reaction of Halogen Oxides with Fluorinating Agents other than F2

In the FC10 2 synthesis from C10 2 and F2, the latter can be replaced by

other fluorinating agents. Thus, the passage of CIO 2, diluted by N2, over

AgF2  or CoF 3
2 at RT produce, pure FCIO2 in high yield:

AgF 2 + CI0 2 -- AgF + FC1O 2  (a)
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The comsumption of AgF 2 can be followed by the color change of AgF 2

(dark brown) to AgF (yellow).

Halogen fluorides can also fluorinate C1O 2 to FCIO 2. Thus, the passage

of CIO 2 through liquid BrF 3 at 30 C proceedsl"

6CO 2 + 2BrF 3 - 6FC10 2 + Br2  (b)

The risk of explosions in the C10 2 - AgF 2 reaction is reduced when C10 2

is replaced by the less dangerous Cl20. The yields of FC1O 2 is 35%34.

Similarly, Cl20 can be fluorinated at -780 C with either CIF 5 :

2C120 + ClF - FCIO 2 + 2C1 2  (c)

or CIF 30
6:

Cl20 + ClF 30 1 FCIO 2 + 2CIF (d)

In these two reactions the unstable FCIO molecule is formed as an intermediate,

but disproportionates to yield FCIO 2 and CIF (see section 2.2.7.4).

The fluorination of Cl206 with a variety of fluorinating agents also

yields FCIO 2 principally. Fluorinating agents used with Cl206 include BrF3

or BrF5
7, HF8 and FN0 2 . The latter reaction is carried out in CFCI 3 at

0C:

C1206 + FNO 2 * FCIO 2 + NO2 +CIO 4  (e)

These reactions of Cl206 are carried out at low temperatures at which decompo-

Sition of C1206 to 2C1O 2 + 02 can be excluded. They can be rationalized by

polarization of C1206 to CI02+ 4 2

CIO 2+CIO 4 " + FNO 2 - N02+CI0 4
- + FC1O 2  (f)

The ionic structure of C1O 6 in the solid state has been established by

9
vibrational spectroscopy

Fluorination of BrO 2 to FBrO 2 is achieved using BrF 5 as a fluorinating

2,10.
agent'
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lOBrO2 + 2BrF 5  1 IOFBrO 2+Br2  (g)

The reaction is carried out at -550C in liquid BrF5, and the FBrO2 is

separated from the Br2 byproduct and excess of BrF 5 by vacuum fractionation.

This reaction can be further simplified by preparing the BrO2 in situ by

passing 03 through a solution of Br2 in BrF52,10,11

BrF 5 + 2Br 2 + 10 03 + 5FBrO 2 + 1 0 2 (h)

When 1205 is dissolved in boiling IF5, white hygroscopic needles of

IF30 separate on cooling12

1205 + 31F 5 - 51F 30 (i)

A modification of this reaction is used to 13 prepare KIF 40:

5KF + 1205 + 31F 5 - 5KIF 40 (j)
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2.2.7.3. By Reaction of Halogen Oxyfluorides with Fluorinating Agents

The fluorination of a chlorine oxyfluoride to one of higher oxidation

state is difficult owing to the scarcity of stable low (+III) and high (+VII)

oxidation state oxyfluorides. Only one case 1,2 is known, where FC1O 2 is

fluorinated by the strong oxidizer PtF 6:

2FC10 2 + 2PtF6 -- CIF 202+PtF6
- + CIO 2+PtF 6

-  (a)

Several side reactions compete, and the yield of CIF 202
+ varies with changes

in the reaction conditions. The CIF2 0 2+PtF 6- can be converted to ClF 0

by a displacement reaction using FNO2:

CIF20PtF6- + FNO-- NO +PtF - + CIF30 (b)

2 2 6 2 2 6 3 2(b

Oxygen and fluorine ligands scramble in the synthesis of C1F30 from mixtures

of chlorine-, fluorine-, and oxygen- containing starting materials using uv-

photolysis 3 - 5 . A claim 5 for the formation of CIF50 in the uv-photolysis of

the CIE-OF2 system cannot be confirmed
6.

Kinetic study of the photolyses of the CIF - 0 and Cl2-F -02

73 2 2
systems shows that contrary to the original report3 , the rate of CIF3 0

formation is the same for both systems, increasing with 02 concentration,

*and independent of irradiation time. Furthermore, the rate of

C1F30 formation is proportional to the intensity of the 184.7 nm band of the

Hg spectrum indicating that the dissociation of 02 to two ground-state, 3p,

oxygen atoms is the primary photochemical process. The mechanism requires

photochemical dissociation of CIF 3 as well:
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hv(184.7 nm)
02 NsO + 0 (c)

hv(200-350 nm)
CIF 3  - CIF 2 + F (d)

0 + CIF 2  - C1F 20 (e)

CIF 20 + F 2  - CIF3f0 + F )

in the photolysis of CiF 3 under similar conditions, a photochemical steady

state is quickly achieved, where (F2) (CIF) = &(C1F 3 ), and.- has a value of

-1 at low and of -3 at high pressures. These results together with the known

photochemical decomposition of F2 explain why C1F 30 can be readily generated

by the photolysis of so many different starting materials, including the

halogen oxyfluorides FC10 2, FCIO 3 and IF50.

* For bromine oxyfluorides, fluorinations use the powerful oxidizers PtF 6

and KrF With PtF 6, the following reactions are observed
9

2FBrO 2 + 5PtF6 -.- 2BrF 20+PtF 6 - + 02+PtF6- + 2PtF5  (g)

PtF 5 + FBrO 2 - Br 2+PtF 6  (h)

2PtF + 2F-*-2 2BrOPtF6- + F (i)2t6 +2 2 2 6 2()
but no evidence for the formation of BrO2 F 2+ is obtained. Similarly, the

reactions of KrF 2 with either FBrO 2, BrF 30 or FBrO 3
10' 11 do not produce

any novel bromine (+VII) compounds, but proceed according to:

2FBrO 2 + 2KrF 2 - 2BrF 30 + 2Kr + 02 (j)

2BrF 30 + 2KrF 2 - 2BrF 5 + 2Kr + 02 (k)

Iodine (+V) oxyfluorides or oxide are fluorinated by BrF 5 to yield

FBrO 2 and IF5 :

1 21205 + 5GrF-5 5FBr 2 + 41F 5 ()
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FIO2 + BrF 5  FBrO2 + IF5  (m)
21F 30 + BrF 5  FBrO2 + 21F 5  (n)

but heptavalent IF302 or its AsF 5 or SbF 5 adduct are fluorinated to give

IF5011:

21F 302 + BrF 5  o-21F 50 + FBrO2  (o)

IF302 • AsF + BrF- IF50 + BrF20 AsF (P)

1?The addition of HF to IF302 forms OIF 4OH reversibly

+HF

IF302 + HF OF - OI F40H (q)
+SO3

and represents an example for the addition of HF across an X=O double bond

with formation of a new X-F bond.
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2.2.7.4 By Disproportionation of Halogen Oxyfluorides

The thermally unstable FClO readily disproportionates at P1,2

2FC10-FC1O 2 + ClF (a)

This reaction explains the formation of FC10 2 and ClF where FC1O would

be the expected product (see section 2.2.7.2).

Iodine trifluoride oxide is stable at RT, but at 100 0C undergoes a

reversible change into IF 5 and FIO023

21F 30 -IF 5 + F10 2  (b)

This reaction is also involved in the thermal and photochemical decomposition

of IF 0~ 4

21F3 0 2 -21F 30 + 0 2 (c)

21F 30 -IF 5 + F10 2  (d)

1 K. 0. Christe, C. J. Schack, Adv. Inorg. Chem. Radiochem., 18, 319 (1976).

2 T. 0. Cooper, F. N. Dost, C. H. Wang, 3. Inorg. Nucl. Chem., 34, 3564 (1972).

3 E. E. Aynsley, R. Nichols, P. L. Robinson, J. Chem. Soc. 623 (1953);
E. E. Aynsley, J. Chemn. Soc., 2425 (1958); 'r. T. yns~ey, M. L. Hair,
J . Chem. Soc., 3747 (l95-8T

4 A. Englebrecht, P. Peterfy, Ange. Chem., Internat. Edit. Enl,8 768
(1969); A. Engelbrecht, P. Peterfy , E. chandara, Z. Anorci. All .Chiem.,
384, 202 (1971).

2.2.7.5 By Reaction of Positive Halogen Compounds with Fluorinating
Agents

For the synthesis of ClF 3O0, fluorination of C1ONO 2 by F 2 at -35 0C1

is best:

2F + C1ONO-.C1F0+ N (e)2 2 3 FN 2
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Contrary to the chlorine oxides, ClONO 2 has the advantage of not being shock

sensitive. Other advantages include (a) less fluorine is required than in the

fluorination reactions of C12 0 which yield CIF 3 as co-product, (b) the differences

in the volatilities of the products FNO 2 and CIF30 (ATbp~I0C) permit easy

separation by fractional condensation, (c) CIONO2 can be prepared more con-

veniently, and (d) yields of C1F30 are higher.

In the fluorination of C10N0 2, side reactions compete with the fluorination

step. These are caused by thermal decomposition of the starting material owing

to inefficient removal of the heat of reaction. Hence, the rate of the competing

reactions is markedly affected by the reaction temperature. At reaction temp-

eratures near or above ambient, the decomposition of the hypochlorite appears to

be favored, and little or no CIF30 is formed, resulting in rapid, uncontrolled

reactions. Thermal decomposition preceding the fluorination step yields only

intermediates incapable of producing C1F 30. Thus, in order to maximize the

desired fluorination reaction, long reaction times at low temperature (T<00 C)

are indicated.

Similarly, CIOSO2F interacts with CIF 30 2:

2C10S02 F + CF 3 0 - FC10 2 + 2C1F + S205F2  (f)

and

CIOSO 2F + C1F 3  - FC1O2 + ClF + S02F2  (g)

These reactions can be rationalized in terms of a reduction of CIF3 0
#3

to the unstable FC1O which decomposes to FC102 and CIF.
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2.2.7.6 By Reaction of Halogen Oxyacids and their Salts with

- . Fluorinating Agents
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Whereas fluorination of haloqen oxyacids results in the formation of

the corresponding fluorooxy compounds:

HOC- 3 + F2  - FOCIO3 + HF (a)

fluorination of the salts of these halogen oxyacids is a more useful

method for the synthesis of halogen oxyfluorides. The nature of the halogen

oxyfluoride product depends on the starting material and the reaction condi-

tions. Thus the fluorination of perchlorates is a high yield synthesis of

perchloryl fluoride. Heating of KC10 4 to 700 - 1200 C in an excess of SbF 5

produces FC0 3 in 50% yield.
2  The yield of FCIO 3 can be increased to 90%

and the reaction temperature can be lowered to 200 - 500 C, when a mixture of

HF - SbF 5 is used.
3  Slightly lower yields are obtained when the HF solvent

is replaced by AsF 3, IF5, or BrF 5.

Most of the commercial processes are based on the use of HOSO 2F.
4

Evolution of FC1O3 starts at 50 C and goes to completion at 850 - 1100C.

The yields of FC1O3 vary from 50 to 80% 4,5,6,7 and, if necessary, the5
HOSO2F can be regenerated. The reaction can be carried out in glass

apparatus. The addition of certain additives like 5 to 25% SbF3 to the

HOSO 2F increases the yield of FC10 3 to 90%, but hinders the regeneration of

HOSO 2F 8. The addition of HF - BF3 increases the FC10 3 yield to 85% , but

requires elevated pressure. Zinc,'aluminum, silver, and lead fluorides

decrease the yield of FC103 '

* The highest yield of perchloryl fluoride (97%) is achieved with a

mixture of fluorosulfonic acid and SbF 5 as fluorinating medium. Potassium,

sodium, lithium, magnesium, barium, calcium, and silver perchlorates and

perchloric acid itself undergo the reaction. Commercial reagents are used,

but their additional purification is not necessary; unlike all the previous

methods, this preparation of perchloryl fluoride can be carried out at RT.

At high temperatures (1000- 1350C) the reaction time is 1 - 10 min., which
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allows the process to be carried out continuously in a packed column. The

purity of product obtained after the usual purification reaches 398%; air
9

and carbon dioxide are present as trace impurities.

The mechanism of the reaction between C10 4  and superacids is not

established.3'10'14 Based on present understanding of superacid chemistry15'17

and of complex formation of FCIO 3, a mechanism involving C10 3
+ as an inter-

mediate is unlikely. Furthermore, the high yields of FclO 3 (297%) would be

surprising in view of the expected instability of CIO +. Other mechanisms

involving protonated perchloric acid are more plausible:

4HF + 2SbF 5  '2H2 F + 2SbF 6  (b)
2H2F

+ + C10 4  H 2Oc1O 3+ + 2HF (c)

H2OCIo3 + HF FC10 3 + H30
+  (d)

C1O 4 + 3HF + 2SbF 5  FCIO 3 + H30 + 2SbF6  (e)

Other syntheses of FCIO from metal perchlorates include the electrolysis3

of a saturated solution of NaCIO 4 in anhydrous HF with a current efficiency

of 10% 19 and the fluorination of N02CI0 4 by CIF 3 at RT which results in
20

the formation of FCIO 3 and smaller amounts of FCIO2, CI2. and CINO 2. The

corresponding reaction of KC1O 4 with BrF 3 yields FC1O2 in 97% yield.
21

3KC104 + 5BrF3  3KBrF4 + Br2 + 30 + 3FC102  (f)

If the MCIO4 starting material is replaced by MC1O 3, the main fluorination

product is FC10 2, e.g., the reaction of NaC1O 3 with an equimolar amount of

ClF3 produces FC10 2 in high yield
2 . This method is based on reports

that gaseous CIF 3 reacts with KC10 3 to give FC10 2 in high yield. The sub-

stitution of KC1O 3 by NaC1O 3 is significant since the product NaF does not

form an adduct with CIF 3 whereas KF does. This decreases by 60% the amount

of C1F3 required for the reaction. By analogy with the KC10 3 reaction with

W-12 m



-13-

BrF 3 23, the idealized stoichiometry is:

6 NaCIO 3 + 4C1F 3-*-6NaF + 2CI 2 + 302 + 6FC102 (g)

The use of a slight excess of CIF 3 is recommended to avoid the possible

formation of shock-sensitive chlorine oxides. The KC1O 3 reaction with

BrF3 23.

6KC103 + 1OBrF 3-----6KBrF4 + 2Br 2 + 302 + 6FC10 2 (h)

also produces FC1O 2 in high yield, but it is difficult to obtain pure,

colorless FC1O2 by this method.

The action of elemental fluorine on KC1O 3 is not synthetically useful

for preparing FC1O2 owing to the large amounts of FC1O 3 always formed.
19'24'25'26

Low temperature fluorination of NaC1O 2 with F2 produces FC O2 as the

main product, however, small amounts of CIF 30 are also obtained in addition

to CIF 3, CIF and C12* 27

Fluorination of alkali metal perbromates with HF and Lewis acids is

analogous to that of the perchlorates, and produces FBrO 3 as the main product

in high yield. The reactions are carried out in HF solution using SbF 5,28

AsF 5, BrF 5 or BrF 6+AsF6-: 
29

KBrO4 + 2AsF5 + 3HF--FBrO3 + H30+AsF6 - + KAsF6  (i)

2KBrO4 + BrF5 + 2HF--2FBrO3 + FBrO2 + 2KHF2  (j)
4 53'

2KBrO4 + 2BrF 6+AsF 6 ---2FBrO3 + 2BrF 5 + 02 + 2KAsF 6 (k)

30In the absence of HF, CsBrO4  reacts with BrF 5 and F2 at RT to produce

CsBrF40 as the solid, and FBrO 3 and FBrO2 as the volatile products. Potassuim

perbromate is less reactive than the cesuim salt and required prolonged

ft heating at 80 C to achieve a substantial conversion to KBrF 40. In the absence

of F2, the conversion of CsBrO4 to CsBrF40 is low, even at 80°C, and is not

catalyzed by HF.
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The reaction of KBrO 3 with BrF 5 is complex. According to the original

report31 KBrO3 reacts with BrF 5 at -50 C.

2KBrO3 + 2BrF5 -.- 2KBrF4 + 2FBrO 2 + 02 (1)

Subsequent work32 shows that the reaction of KBrO 3 with equimolar amounts

of BrF5 at RT proceeds:

2KBrO3 + 2BrF5 - 2KBrO2F 2 + 2BrF 3 + 02 (m)

and that the reaction is slow when excess BrF5 is used; KBrO3 and BrF5 at a

mole ratio of 1:2.5 do not react at RT 3 but a rapid reaction occurrs when

catalytic amounts of HF are added. The solid product of this reaction consists

of KBrO2F2 and KBrF40, and BFrO 2 is the volatile product. The formation of

KBrF 0 34 is shown by using an excess of BrF5 and F2 at 80°C which results in

quantitative formation of KBrF 40. This reaction, however, can be difficult

to duplicate and can easily result in the formation of KBrF4P The KBrO3

reaction with BrF5 is further modified33 by reacting KBrF6 with KBrO3 in

CH3CN solution:

CH3 CN
KBrF 6 + KBrO 3 - , KBrO 2F2 + KBrF 40 (n)

The KBrF40 produced is soluble in CH3 CN, whereas KBrO2 F2 is not, and the

two products can be separated by extraction with CH CN.
3

The reactions of BrF5 with BrO 3 or BrO 4  are interesting mechanistically

since they involve oxygen-fluorine exchange. From the quantitative yields of

BrF40", a free radical mechanism involving the addition of oxygen atoms to

bromine fluorides is unlikely. A mechanism involving the addition of BrF 5

or BrF6  across a Br=O double bond of BrO of Br03", followed by FBrO3 or

FBrO2 elimination with BrF4O formation is plausible.
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Periodates are fluorinated, e.g. Ba3 H4(106)2 by H SO3F to tetrafluoro

orthoperiodic acid 3

HSO F
Ba 3H 4(106 )2 ---- 3 101O F 40 (0)

The same product is also formed from H0103 or NaIO4 in anhydrous HF 36. he

CsIO4 is repeatedly treated with anhydrous HF, and the solvent is pumped

off, the less volatile acid HOIF 4O0 displaces HF from the CsHF 2 with

quantitative formation of CsIF 4O02 (cis:trans~z2:1)37 . This is a convenient

synthesis of IF 40 2  salts:
HF

CsIO 4 + 6HF -- *CsHF 2 + HOIF F40 + 2H 20 (p)

CsHF2 + HQIF 0Q- H*-PCsIF4 O0 + 2HF (q)

0 37With elemental fluorine at 60 C, CsIO4 is converted to mainly CsIF and4 8

CsIF 6, but the product also contains lesser amounts of CsIF4O0 and cis- and

trans- CsIF4O02. With an excess of CiF 5at RT, CsO4is slowly converted to

CsIF8 trans -CsIF4O0 and some CsIF 0. With the more reactive fluorinating

agent, C1F 3, complete conversion of CsIO 4 is obtained at RT:

3CsIO 4 + 11CIF 3 --- 6FC1O 2 + 3C1F + 2CsC1F 4 + CsIF 6  21F 5  (r)

With BrF 5 the main reaction is:

This reaction Ci nlu o that rep~5Foted fr KI0 and IPi.e.:vaum

usdfor the removal of the excess IF 5, the IF 30 disproportionates:

resulting in FIO02 and KIF 40 2 as the final products. Compared to the IF5
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reaction, the BrF 5 synthesis offers the advantage that the BrF 30 and BrF3

byproducts are volatile and can easily be pumped off. However the resulting

solid product is contaminated with CsBrF 4.

Iodates are fluorinated but, whereas the fluorination of HIO 3 in aqueous

HF forms the I02F2 anion solutions of NaIO 3 in anhydrous HF contain IF5.
4 0

With IF5 as a fluorinating agent, MIO 3 or KIO 2F2 produces the corresponding

IF40 salts
4 1:

MI 3 + 2MF + 21F 5 - 3MIF4 0 (M=Cs, K) (v)

KIO 2F2 + KF + IF5 - 2KIF 40 (w)
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2.2.7.7 By Elimination Reactions

The only reaction involving the elimination of halogen oxyfluorides is the

1.
CsF-catalyzed FC1O3 elimination of fluorocarbon perchlorates

RfCFOC10 CsF i R 0 + FC10 (a)
f 2 3 f fF+Fl 3

which proceeds at 600C and involves the attack of the CF2 carbon atom by the

fluoride anion, followed by an internal nucleophilic displacement reaction and

FC1O 3 elimination:

F F

Rf- C- -

-~ -: 7/11

0

The reactions of BrF 5 with BrO 3 or BrO 4  (see section 2.2.7.6) may also

involve similar intermediates which decompose with FBrO2 or FBrO3 elimination,

but these intermediates are not isolated.
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Due to its high energy content and unusual kinetic stability the NF4+

cation is a unique oxidizer. Its salts have found num erous applications,
such as solid propellant NF3-F2 gas generators for chemical HF-DF lasers1 ,

ingredients in high detonation pressure explosives , and fluorinating agents
3 2for aromatic compounds . Although the NF4

+ cation has successfully been

conined with a large numb)er of different anions in the form of stable salts,

all these anions were derived from relatively strong Lewis acids, and their
number of ligands did not exceed six. It was therefore of interest to

explore whether NF4
+ salts containing metal heptafluoride anions can exist.

Experimental Section

Apparatus. Volatile materials used in this work were handled in a

stainless steel-Teflon FEP vacuum line. The line and other hardware used

were well passivated with ClF 3 and, if HF was to be used, with HF. Non-

volatile materials were handled in the dry nitrogen atmosphere of a glove-

box. Metathetical reactions were carried out in HF solution using an apparatus
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consisting of two FEP U-traps interconnected through a coupling containing
4a porous Teflon filter . Thermal decomposition measurements were carried out

5in a previously described sapphire reactor.

-l

Infrared spectra were recorded in the range 4000-200 cm on a Perkin-

Elmer Model 283 spectrophotometer. Spectra of solids were obtained by using

dry powders pressed between AgCl windows in an Econo press (Barnes Engineering

Company). Spectra of gases were obtained by using a Teflon cell of 5 cm path

length equipped with AgCl winaows.

Raman spectra were recorded on a Cary Model 83 spectrophotometer using

, the 4880-R exciting line of an Ar-ion laser and Claassen filter6 for the

$ elimination of plasma lines. Sealed glass, Teflon FEP, or Kel-F tubes were

used as sample containers in the transverse-viewing transverse-excitation

mode. Lines due to the Teflon or Kel-F sample tubes were suppressed by the

use of a metal mask.

7
Elemental analyses were carried out as previously described

8

Materials. Literature methods were used for the syntheses of NF4 SbF 6

and NF4HF2 solutions in HF
9 . Hydrogen fluoride (Matheson) was dried by

storage over BiF to remove the H2010. Tungsten hexafluoride (high purity,

Alfa) and UF6 (Allied) were used as received. Cesium fluoride (KBI) was dried

by fusion in a platinum crucible and ground in the drybox.

Preparation of NF1 WF7. Dry CsF (15.0 nmnol) and NF4 SbF 6 (15.0 nmnol) were

loaded in the drybox into one half of a prepassivated Teflon double U

metathesis apparatus. Dry HF (15 ml liquid) was added on the vacuum line

and the mixture was stirred with a Teflon coated magnetic stirring bar for

15 minutes at 250C. After cooling the apparatus to -780 C, it was inverted

and the NF4HF2 solution was filtered into the other half of the apparatus.

Tungsten hexafluoride (22.5 mmol) was condensed at -I960C onto the NF4 HF2.

The mixture was warmed to ambient temperature, and two immiscible liquid

phases were observed. After vigorous stirring for 30 minutes at 25 C, the
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lower WF6 layer dissolved in the upper HF phase. Most of the volatile products

were pumped off at ambient temperature until the onset of NF4HF2 decomposition

became noticeable (NF3 evolution). An additional 8.0 mmol of WF6 was added

at -196 0C to the residue. When the mixture was warmed to ambient temperature,

a white solid product appeared in the form of a slurry. All material

volatile at -310 C was pumped off for 1 hour and consisted of HF and some

NF3. An additional 14.5 mmol of WF6 was added to the residue and the resulting

mixture was kept at 250 C for 14 hours. All material volatile at -130 C was

pumped off for 2 hours and consisted of HF and WF The residue was kept at

220C for 2.5 days and pumping was resumed at -139C for 2.5 hours and at 220C

for 4 hours. The volatiles, collected at -210 0 C, consisted of some HF and

small amounts of NF3 and WF6. The white solid residue (5.138g, 84% yield)

was shown by vibrational and 19F NMR spectroscopy to consist mainly of

NF4WF7 with small amounts of SbF 6  as the only detectable impurity. Based

on its elemental analysis, the product had the following composition (weight %):

NF4WF7, 98.39; CsSbF6, 1.61. Anal. Calcd: NF3, 17.17; W, 44.46; Cs, 0.58; Sb,

0.53. Found: NF3, 17.13; W, 44.49; Cs, 0.54; Sb, 0.55.

Preparation of NFUF7. A solution of NF4HF2 in anhydrous HF was prepared from

CsF (14.12 mmol) and NF4SbF 6 (14.19 mmol) in the same manner as described for

NF4WF7. Most of the HF solvent was pumped off on warm up from -780C towards

ambient temperature, until the onset of NF4 HF2 decomposition became noticeable.

Uranijm hexafluoride (14.59 nmnol) was condensed at -1960C into the reactor,

and the mixture was stirred at 25°C for 20 hours. The material volatile at

25 0C was briefly pumped off and separated by fractional condensation through

traps kept at -780, -1260 and -210 0 C. It consisted of HF (6.3 mmol), UF6

(9.58 rmol) and a trace of NF3. Since the NF4HF2 solution had taken up only

about one third of the stoichiometric amount of UF6, the recovered UF6 was

condensed back into the reactor. The mixture was stirred at 25°C for 12

hours and the volatile material was pumped off again and separated. It con-

sisted of HF (12.8 mmol), UF6 (1.7 mmol) and a trace of NF3. Continued pumping

resulted in the evolution of only a small amount of UF6 , but no NF3 or HF,

thus indicating the absence of any unreacted NF4HF2. The pale yellow solid

residue (5.711g, 88% yield) was shown by vibrational and IgF NMR spectroscopy
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and elemental analysis to have the following composition (weight Z): NF4 UF7,

97.47; NF4SbF6, 1.50; CsSbF 6, 1.03. Anal. Calcd: NF3, 15.34; U, 50.32; Sb,

0.90; Cs, 0.37. Found: NF3, 15.31; U, 50.2; Sb, 090; Cs, 0.37.

Results and Discussion

Synthesis of NFXF7 Salts. The synthesis of NF4XF7 salts proved rather diffi-

cult because metalhexafluorides are weak Lewis acids and exhibit only a

moderate tendency to form the energetically relatively unfavorable hepta-

fluoro anions. Consequently, neither direct synthetic methods, based on the

reaction of NF with F and a Lewis acid in the presence of an activation
2l .12

energy source, nor indirect methods, such as displacement reactions or
10

metathesis in anhydrous HF solution, could be used. For example, anhydrous

HF displaces UF6 from NOUF7 or CsUF7
13. However, in the course of a recent

study in our laboratory a method for the preparation of (NF4)2SiF 6 was dis-

covered 14 in which the equilibrium 
(1)

2NF4 HF2.nHF + SiF 4  - (NF4 )2SiF 6 + 2(n+l)HF (1)

was successfully shifted to the right by repeatedly treating a highly concen-

trated NF4HF2-HF solution
g with an excess of SiF 4 while periodically stripping

off the HF. This method has now been extended to the synthesis of NF4WF7 and

NF4UF7 according to (2)

NF4HF2.nHF + XF6  NF4XF7 + (n+l)HF (2)

(X=W,U)

and provided the first known examples of NF4
+ salts containing complex anions

with more than six ligands about their central atom.

The purity of the NF4XF7 salts prepared in this manner was about 98

weight percent with CsSbF6 and NF4SbF 6 as the principal imrpurities. Product

o Ipurification by recrystallization from HF solution was not possible due to

equilibrium (2) which in the presence of a large excess of HF is shifted to

the left. The yields of NF4XF7 were about 86%, based on NF4HF2, with most of
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the NF4HF2 values lost being due to hang up of some mother liquor on the

CsSbF6 filter cake during the metathetical preparation of NF4HF2 according

to (3)
HF

NF4SbF6 + CsHF 2- CsSbF6 ++ NF HF (3)

Physical Properties. NF4WF7 and NF4UF7 are white and pale yellow, respectively,

and are moderately soluble in BrF5. They are crystallinic, hygroscopic solids

which are stable in a dynamic vacuum at 1250C. At higher temperatures, both

salts decompose according to

NF4XF7 - NF3 + F2 + XF6  (4)

with no evidence for the formation of stable, volatile, higher valence state

fluorides. The ratio of NF3 to XF6 in the decomposition products was shown

to be 1:1, and the vibrational spectra of the solid residues showed no evidence for

doubly charged anions. These observations indicate that neither the stepwise

2MUF7 -# M2UF8 + UF6  (5)

nor reductive

M2 UF8 -) M2UF7 + 1/2F 2  (6)

decomposition, previously observed for the alkali metal salts, 13 are signi-

ficant for the NF4+ salts. Based on the observed decomposition rates in a

dynamic vacuum at 1450C (NF4UF7, 25% decomposition per hour; NF4WF7 , 1.4%

decomposition per hour), NF4WF7 is thermally somewhat more stable than NF4UF7.

Vibrational Spectra. The infrared and Raman spectra of NF4WF7 and NF 4UF7

are shown in Figure 1 and the observed frequencies and their assignments are

summarized in Table 1. These spectra establish beyond doubt the presence
of NF4+ cations 15 and WF7 " 16 and UF7  anions13 and also demonstrate that,

2-
under the given reactionconditions, no significant amounts of XF8  salts

are formed.

19F NMR Spectra. The ionic nature of the NF4XF7 salts in BrF5 solution was

established by F NMR spectroscopy. For NF4WF7 at -60
0 C two.signals, a

triplet of equal intensity at 0 = 222.7 with JNF " 232.7Hz and a

X -5



-6-

half-line width of 2Hz, and a singlet at 0 - 142.2 with a half-line width of

2.8Hz and missing 183W satelites were observed which are characteristic for

NF4 + 4,9 and WF 7- 13,17 respectively. An area integration of the two signals

showed a ratio of 4:6.99, in excellent agreement with the expected ratio of

4:7. These two signals changed very little when the sample was warmed to

ambient temperature; however, the solvent signals which at -600C were well

resolved collapsed at 250 C to a single peak. For NF4 JF7 at -60
0C, again,

well resolved signals for the BrF 5 solvent and NF4+ were observed, but the

UF7 signal could not be detected. These observations rule out a rapid

exchange between UF7 and either the BrF5 solvent or NF4
+ , but can be

explaineG by the relatively large (400-600Hz) half-line width previously

reported 13 for UF7.

Conclusion. The successful synthesis of NF4WF7 and NF4UF7 shows that even

very weak Lewis acids, such as metal hexafluorides, are capable of forming

stable NF4
+ salts. This surprising result is a further manifestation of the

4+
unique properties of the NF4

+ cation.
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Diagram Caption

Figure 1. Vibrational Spectra of solid NF4WF7 and NF4 UF7. Traces A and D,

infrared spectra of the dry powders pressed between AgCl disks; the broken

lines indicate absorption due to the AgCl window material. Traces B, C, and

E, Raman spectra recorded at different sensitivities and resolution.
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Abstract

The NF4XeF 7 salt was prepared from XeF 6 and NF4HF2, and was converted to

(NF4 )2XeF 8 by selective laser photolysis. These new salts and the known

CsXeF 7 and Cs2XeF 8 were characterized, and their vibrational spectra are

reported. Evidence is presented for the existence of a stable NaXeF 7 salt.

The presence of different phases in solid XeF 6 was confirmed by Raman spec-

troscopy.

Introduction

Perfluoro ammonium salts are the major ingredient in solid propellant

NF3- F2 gas generator compositions for chemical lasers1 . For these applica-

tions, the active fluorine content should be high, and the evolved gases

should contain, besides F2 and NF3, only inert gases to avoid deactivation

of the laser. Removal of undesired gases, such as the parent Lewis acids

of the salts' anions, can be accomplished by the addition of a suitable

alkali metal fluoride which forms a nonvolatile clinker with the Lewis

acids. 2 However, the ad'ditional weight of the clinkering agents lowers

the effective fluorine yields of these compositions and renders them less

desirable. This problem might be circumvented by the use of NF4
+ salts

containing noble gas fluoride anions which, on decomposition, would yield

additional fluorine values and ine rt noble gas d4luent as the only by-

product. In this paper we report the successful synthesis of the first

Y-1
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known examples of NF4
+ salts containing noble gas fluoride anions and the

characterization of the XeF 7 and XeF8
2- anions.

Experimental Section

Caution! Hydrolysis of XeF6 and of its NF4+ salts produces highly sensitive

xenon oxides and results in violent explosions. These compounds must there-
fore be handled with the necessary safety precautions and in the complete

absence of moisture.

Materials and Apparatus. The apparatus, handling procedures, analytical
methods and spectroscopic techniques used in this study have previously

been described. Literature methods were used for the preparation of XeF6,
4

CsXeF 7, CS2XeF8,5 and the NF4HF2 solution in anhydrous HF. 6  Cesium fluoride
(KBI) was dried by fusion in a platinum crucible and ground in the drybox.

Preparation of NFAXeF 7. Dry CsF (15.54 mmol) and NF4SbF 6 (15.65 mmol) were

loaded in the drybox into one half of a prepassivated Teflon U metathesis

apparatus. Dry HF (9 ml liquid) was added on the vacuum line and the mix-

ture was stirred with a Teflon coated magnetic stirring bar for 45 minutes

at 250 C. After cooling the apparatus to -780C, it was inverted and the

NF4HF2 solution was filtered into the other half of the apparatus. Most

of the HF solvent was pumped off during warm up from -78 C towards room

temperature until the first signs of NF4HF2 decompostion became noticeable.

At this point the solution was cooled to -I96°C and XeF 6 (17.87 mmol) was

added. The mixture was warmed to 250C and stirred for 12 hours. Although

most of the XeF6 dissolved in the liquid phase, there was some evidence for

undissolved XeF 6. Material volatile at 250C was removed in a static vacuum

and separated by fractional condensation through traps kept at -640 and

-1960 C. Immediately, a white copius precipitate formed in the reactor,

but disappeared after about 10 minutes resulting in a clear colorless

solution. As soon as the first signs of NF4HF2 decomposition were

noted, removal of volatiles was stopped and the reactor was cooled to -1960C.

The HF collected in the -1960C trap was discarded, but the XeF6 collected in

the -64°C trap was recycled into the reactor resulting in a yellow solution
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at room temperature. This mixture was stirred at 25°C for several hours,

followed by removal of the material volatile at 25 C in a dynamic vacuum.

The volatiles were separated by fractional condensation through traps kept
at -210, -1260 and -64°C and consisted of NF3 (-0.3 mmol), HF (_ll mmol),

and XeF6, respectively. The reactor was taken to the drybox and the solid

products were weighed. The yellow filtrate residue (5.149g, weight calcd

for 15.54 mmol NF4XeF 7 = 5.506g, corresponding to a yield of 93.5 percent)

consisted of NF4XeF 7, and the white filter cake (5.78g, weight calcd for

15.54 mmol of CsSbF6 = 5.72g) consisted of CsSbF . The composition of

these solids was confirmed by vibrational and F NMR spectroscopy, pyrolysis

and analysis of the pyrolysis residue for NF4
+, Cs+ and SbF6 . Based on these

results, the reaction product had the following composition (weight %):

NF4XeF 7 (98.01), NF4SbF 6 (0.88) and CsSbF6 (1.11).

Results and Discussion

The XeF 7" and XeF 8
2- anions are thermally quite stable 5 and, therefore,

were a logical choice for the synthesis of the corresponding NF4+ salts.

Although the syntheses of MXeF 7 (MsCs, Rb, NO2 )
5'7 and M2XeF 8 (M=Cs, Rb, K,

Na, NO) 5'8 salts have been reported, these salts have not been well charac-

terized, except for a crystal structure determination of (NO)2XeF 8.
9  There-

- 2-
fore, a better characterization of the XeF 7 and the XeF 8  anion was

necessary to allow proper identification of their NF4 salts.

Synthesis and Characterization of CsXeF7, Cs2 XeF8 , and XeF6. In agreement

with a previous report5 it was found that CsF reacts with XeF 6 at 60
0C to

form CsXeF7. However, the following observations deviate from the previous
5.7report. (i) It was not necessary to carefully add the XeF6 in small incre-

ments to the CsF. No evidence for decomposition or explosions was noted, as

long as the CsF was carefully dried. (ii) We could not obtain complete

conversion of CsF to CsXeF 7. Even with a thirteenfold excess of XeF 6 and

three weeks reaction time at 600C, followed by one week at ambient tempera-

ture, the XeF 6 uptake by the CsF was less than that expected for a 1:1
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stoichiometry. When the removal of the excess of XeF6 from the sapphire

reactor was stopped at a weight corresponding approximately to a 1:1 adduct,

the Raman spectrum of the product showed, in addition to CsXeF 7, the presence

of either free or very weakly associated XeF 6, and the product evolved XeF 6
on standing. Even after removal of additional XeF6 (weight corresponding

to the composition of CsXeF 7"O.19 CsF) the Raman spectrum still showed the

presence of free XeF 6 (see trace A of Figure 1). A pumping time of about

8 hours at ambient temperature was required to obtain a constant weight and

for the complete removal of free XeF 6 (see trace B of Figure 1). At this

point the composition of the product had dropped to CsXeF 7.0.89CsF. (iii)

The Cs2XeF 8 salt, prepared by vacuum pyrolysis of CsXeF 7 at 1600 C, was white

and not cream colored.

Since xenon fluorides are excellent Raman scatterers, Raman spectroscopy

was used to distinguish XeF 6, XeF 7 and XeF8 2- from each other. Previous

work on similar MF6, MF7",MF82"(M=Mo, W, Re) systems has shown that the
addition of F" to a MF6 molecule or MF7" anion increases the polarity of
the M-F bonds and therefore progressively lowers the frequencies of the MF

n
stretching modes. Since XeF 7 salts are yellow, they strongly absorbed the

blue 48809 exciting line of our laser. To avoid decomposition of the samples

in the laser beam, the Raman spectra of XeF 7 salts were recorded at low

temperature. Although the Raman spectrum of solid XeF6 has previously been

recorded at 400Cll, its low temperature spectrum was required to allow its
2-

comparison with those of XeF 7 and XeF 8  . The spectrum observed for XeF 6
at -120 0C (trace A of Figure 2) shows splittings for most of the bands ob-

served in the room temperature spectrum (trace B of Figure 2). The latter

agrees well with that previously reported. 11 However, depending on temperature

cycling and exposure time to the laser beam, a second type of spectrum could

reversibly be generated, from the same sample and was recorded both at -120 0C

(trace D of Figure 2) and 250C (trace E of Figure 2). Since XeF 6 is known

to exist in at least four different crystalline modifications, 12the different

spectra are attributed to the presence of more than one XeF 6 phase. The

observed frequencies are summarized in Table 1.

I
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As expected from the previously known MF6 , MF7  -MF8 series spectra1- 2-
the strongest Raman line in the spectra of XeF 6 and XeF 7" and XeF8  shows

a frequency decrease with increasing negative charge (see Figure 1). For

Cs2XeF8, two different spectra were observed, depending on its method of

preparation. When the sample was prepared by laser photolysis at ambient

temperature (XeF 7 is yellow and strongly absorbs the blue 4880 R line

of the Ar ion laser, whereas XeF82 - is white and does not decompose in the

laser beam), the spectrum shown by trace D of Figure 1 was observed. When

the Cs2XeF 8 sample was prepared by vacuum pyrolysis 
of CsXeF 7 at 1600C, 5

the spectrum shown by trace E of Figure 1 was obtained. The general appear-

4 ance of the spectra is quite similar, but some of the bands exhibit signifi-

cant frequency shifts (see Table 2). These shifts might be caused by solid

state effects.

5On the Existence of NaXeF 7. Based on a previous report , only CsF and RbF

form 1:1 adducts with XeF6, while for NaF only a 2:1 adduct can be isolated.

However, the experimental evidence given by the same authors5 (combining

ratios of NaF:XeF 6 were as low as 1.73) suggested that NaXeF 7 might exist

in addition to Na2XeF 8. This was now verified by Raman spectroscopy.

As can be seen from Table 2 and trace F of Figure 1, the product obtained

by reacting Xe with a large excess of F2 and NaF at 2500C, followed by

removal of all material volatile at,55 0C in vacuo,4 clearly contains XeF 7"in addition to XeF8  . Consequently, NaF can form a 1:1 adduct with XeF6

which is stable up to at least 55°C. Since KF generally forms more stable

adducts than NaF, it appears safe to predict that KXeF 7 should also exist.

The difficulty in obtaining 1:1 combining ratios for MF(M=Na or K) with

XeF6 might therefore be attributed to difficulties in achieving a high

conversion of the starting materials and not to the nonexistence of the

1:1 adducts.

- 2-
On the Structure of XeF- and XeF . From a crystal structure determina-

tion of (NO)2XeF8,
9 the XeF 8

2  anion is known to possess a square anti-

prismatic structure. The observed Raman spectra of Cs2XeF 8 are in excellent

agreement with such a structure of symmetry D4d. Three Raman active stretching

I
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modes should be observed, one each in species A1, E2 and E3. Of these, the

A1 mode is assigned to the most intense and single band at about 510 to 530

cm- 1, while the two doubly degenerate E modes are assigned to the two doublets

at about 430 and 370 cm-1 (see Table 2). The observed frequencies agree well

with those reported for TaF8
3- (622, 426, and 377 cm- 1),10 which is also

13 2-known from x-ray data to be a square antiprism. The fact that XeF8  has

a square antiprismatic structure suggests that the free valence electron

pair on xenon is sterically inactive, analogous to the observations pre-

viously made for BrF 6 .14

4 For XeF 7  no structural data are available and several structural models

must be considered. The free valence electron pair on xenon could be steri-

cally either active or inactive. If it is active, one would expect a struc-

ture derived from a square antiprism with one of the positions being occupied

by the free pair. Such a structure would be of low symmetry and result in

18 mutually nonexclusive infrared and Raman bands. If the free pair is

sterically inactive, two models are most likely. One model is a pentagonal

bipyramid of symmetry D5h as observed for MF7 (M=I, Re), ZrF 7  and certain

CsMF7 (M=W, Mo, Re) salts. In this case, 5 infrared and 5 Raman active

bands are expected which should be mutually exclusive. The other model is
2Ta) 13

a monocapped trigonal prism of symmetry C as in MF (M=Nb, Ta), for

which 18 Raman and 15 mutually nonexclusive infrared bands are expected.

The spectra observed for CsXeF 7 (Table 2, trace B of Figure 1 and trace A

of Figure 3) show at least 10 Raman bands, most of which are also observed

in the infrared spectrum. Therefore, a model of symmetry D5h appears un-

likely. However, a distinction between the two remaining models is not

possible based on the available data.

Syntheses and Properties of NF4XeF7 and (NF4 2XeF. . The NF4XeF 7 salt,

the first example of an NF4
+ salt containing a noble gas fluoride anion,

was prepared by repeatedly treating a highly concentrated solution of

NF4HF2 in anhydrous HF with an excess of XeF 6 in order to shift the

oequilibrium

NF4 HF2 + XeF6  NF4 XeF 7 + HF (1)
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to the right hand side. The displaced HF was removed together with unreacted

XeF 6. The XeF6 was separated from the HF by fractional condensation and was

recycled. In this manner, NF4XeF 7 was prepared in 94% yield and 98% purity.

The yield is based on NF4SbF 6 used in the NF4HF2 preparation step
6

NF4SbF6 + CsHF2 - NF4HF2 + CsSbF (2)
6+

and is less than quantitative due to hang-up of some mother liquor on the

CsSbF 6 filter cake. The 2% impurities consisted of CsSbF 6 and NF4SbF 6 and
3 15

are typical 3' for metathetical reactions involving NF4HF2.

The NF4XeF 7 salt is a light yellow solid. It is stable at ambient

temperature and starts to slowly decompose at about 75°C. In a dynamic

vacuum, the decomposition rates at 75°C and 100C were found to be 1.6%

and 28% per hour, respectively. The decomposition mode

NF4XeF 7 - NF3 + F2 + XeF 6  (3)

was established by mass balance and the observed decomposition products.

Since the NF4XeF 7 salt violently explodes on contact with water and there-

fore could not be analyzed by standard hydrolytic methods, 16 an exhaustive

vacuum pyrolysis at 120°C, followed by an analysis of the solid

residue, was used to assay the compound.

The ionic nature of solid NF4XeF 7 was established by vibrational

spectroscopy (see Table 2 and Figure 3, traces B-F), which showed the bands

characteristic for tetrahedral NF 4+ 17 and XeF 7 (see above). When solid

NF4XeF 7 was dissolved in anhydrous HF, 1gF NMR and Raman spectra of the

resulting solution showed XeF6 and NF4
+ as the principal species suggesting

that in a large excess of HF, equilibrium (1) is shifted all the way to the

left hand side. In BrF5 solution at -400 C, the 19F NMR spectra originally

showed the presence of NF4
+ (triplet of equal intensity at 221 ppm below

external CFCl 3 with JNF = 232 Hz), 15 which was slowly replaced by the signal I
of NF3 (triplet of equal intensity at 145 ppm below CFC13 with JNF= 290 Hz)

18
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suggesting again solvolysis of NF4 XeF 7, followed by decomposition of the

unstable NF4BrF 6 intermediate

NF4 XeF 7 + BrF 5  [NF 4 BrF6 ] + XeF 6  (4)

[NF 4 BrF6] - NF3 + F2+ BrF 5  (5)

When a sample of NF4XeF 7 was exposed at room temperature for prolonged

time to blue 488OR laser light, photolytic decomposition of NF4XeF 7 occurred

resulting in (NF4)2XeF8 formation

hv(4880 )

2NF 4XeF 7  . (NF4)2XeF 8 + XeF 6  (6)

Attempts were unsuccessful to duplicate this reaction by carefully controlled

thermal decomposition of NF4 XeF 7. The only products obtained were NF3, F2,

XeF 6 and unreacted NF4 XeF 7. The selective decomposition of NF4 XeF 7 and stability

of (NF4 )2 XeF 8 in the laser beam can be explained by the different color of the

two compounds. The yellow NF4XeF 7 strongly absorbs the blue 488OR light,

whereas the white (NF4)2 XeF8 does not. Since the output of the available

laser was just 75mW, only very small amounts of (NF4)2 XeF8 could be produced

in this manner, and identification of the product was limited to Raman spec-

troscopy. As can be seen from traces G to I of Figure 3 and Table 2, the

spectra clearly show the presence of the NF4
+ 17 and XeF 8

2- ions (see above).

The observed splittings are due to lifting of the degeneracies for the E and
17

F modes in the solid state.

Conclusion. The present study further demonstrates the unique ability of

the NF4
+ cation to form a host of stable salts. The successful synthesis

of NF4 XeF 7 and (NF4 )2XeF 8 provided not only the first known examples of

NF4
+ salts containing noble gas fluoride anions, but also of an NF4

+ salt

containing an octafluoro anion. These salts are very powerful oxidizers

and on thermal decomposition generate NF3, F2 and only inert gases. The

formation of (NF4)2 XeF8 is an interesting example of a selective laser

induced reaction. The XeF 7 and XeF 2- anions were characterized by

vibrational spectroscopy. Raman spectroscopic evidence was obtained for the
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existence of a stable NaXeF 7 salt, and the presence of different phases in

solid XeF 6 was confirmed.
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Diagram Captions

Figure 1. Raman spectra of CsXeF 7 containing excess XeF6 (trace A),
CsXeF 7 recorded at two different sensitivity levels (traces
B and C), Cs2XeF0  generated by decomposition of CsXeF 7 at
25 C in the 4880 laser beam (trace D), Cs2XeF 8 generated by
vacuum pyrolysis of CsXeF 7 at 1600C (trace E), and of a mixture
of NaXeF 7 and Na2XeF 8 (trace F).

Figure 2. Raman spectra of XeF 6 recorded at -120 and 25°C and at different
sensitivity levels. The differences between traces A-C and D,E
are attributed to different phases (see text).

Figure 3. Infrared spectra of CsXeF 7 recorded at 25°C between AgCl windows
(trace A), and of NF4XeF 7 recorded at -196 0 C between CsI windows

(trace B) and 25 C between AgCl windows (trace C); the brokenlines indicate absorption due to the AgCl windows. Raman spectra
of NF4 XeF 7 and (NF4 )2XeF8 recorded at different temperatures and
sensitivities (traces D-I).
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Table 1. Raman Spectra of Solid XeF6 a

obsd freq, cm"1, and rel intensb

A B

25°C -120°C 2 -120 C

658(10) 652sh 658(5)
656(10) 1649(9.7) 646(10) 649(10)

636(6) 633(7.1)

620(1) 620sh

613(1) 613sh

4 597(2) 589sh

5576(5.0) 579(4.1) 579(4.3)

582(4.2) 564(4.5) 564sh
404(0.1) 396(0.4) 398(0.3) 396(0.2)

365(0.2) 365(1.0) 362(0.4) 365(0+),br

346(0+)

296(0.4) 291(0.6) 296(0.4)br
294(0.3) 284(0.5)

236) 232(0.4) 235-180(0+)br 235-180(0.4)br

220 (0.2) 205sh

2041 195(0.3)

179sh

142(0+) 140(0+)

105(0+) 110(0.2) 107(0+)
93(0.3) 86(0+)

64sh

(a) The observed differences in the A and B type spectra are attributed to

the presence of more than one phase in different ratios.

(b) Uncorrected Raman intensities

Y-12
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Abstract

A new method for the synthesis of hypofluorites was discovered utilizing

4 fiu rine fluorosulfate as the fluorinating agent. The method waz success-

ful'v applied to the high yield synthesis of the new hypofluorit- TeF OF.

The compound was also prepared in lower yield by the fluorinatiot of TeF5 OH

wit. a concentrated NF4HF2 solution. The physical properties, i :frared,

Ran n, 19F NMR and mass spectra of TeF OF are reported. The vib-ational

spe.tra of TeF OCI were redetermined, and complete vibrational a signments

are given for TeF OF and TeF OC].

Introduction

The number of elements known to form hypofluoritesis small and until

recently was limited to the following nonmetal main group elements, H, C,
N, 0, S, Se, F, and Cl i  The synthetic method used for the syntheses of

these hypofluorites involved the fluorination of the corresponding hydroxyl

compounds of their metal salts with elemental fluorine. An unsuccessful

attempt 2 was made to apply this method to the synthesis of the hitherto

unknown TeF OF. This failure to prepare TeF OF, but the success to

synthesize TeF 5 OC1 by an analogous method2 , led to the conclusion3

that TeF OF is unstable or actually nonexistent.E5
Our recent success in preparing a stable iodine hypofluorite and the

observation that hypofluorites are generally more stable than the other

hypohalites, suggested that TeF OF should not only exist, but should also be

stable. In this paper we present data which show that TeF OF indeed exists

and is stable.

z- 14



-2-

Experimental

Materials and Apparatus. Volatile materials were manipulated in a stain-

less steel vacuum line equipped with Teflon FEP U traps and 316 stainless

steel bellows-seal valves and a Heise Bourdon tube-type pressure gauge.

Telluric acid was prepared by a literature method5 and also purchased from

Cerac, Inc., and from Pfaltz and Bauer. Fluorosulfuric acid (Allied) was

used both as received (light brown color) and after distillation to obtain

the clear colorless material. Fluorine fluorosulfate was synthesized as
6

described . The reaction of TeF5 OH with either ClOSO 2F or ClF was used to5t2
prepare- TeF 4OCI7. Cesium and potassium chloride were oven dried, then

cooled and powdered in the dry N2 atmosphere of a glove box.

-1I frared spectra were recorded in the range 4000-200 cm on i

Perkin-Elmer Model 283 spectrophotometer calibrated by comparison w th

8,9
standard gas calibration points, and the reported frequencies ar believed

to be ccurate to +2 cm- . The spectra of gases were obtained usir either

a Tefl)n cell of 5-cm path length equipped with AgCl windows or a !L-cm

stainless steel cell equipped with polyethylene windows which were easoned

with CIF The spectra of matrix isolated TeF OF and TeF OCl were obtained
3*5 5

at 6K with an Air Products Model DE202S helium refrigerator equipped with

Csl windows. Research grade Ne(Matheson) was used as a matrix material in

a mole ratio of 400:1

The Raman spectra were recorded on a Cry Model 83 spectrophotometer

using the 488 nm exciting line of an Ar-ion laser and a Claassen filter
10

for the elimination of plasma lines. Quartz tubes (3 mm o.d.), closed by

a metal valve, were used as sample containers in the transverse-viewing,

transverse-excitation technique. A previously described1 1 device was used

for recording the low-temperature spectra. Polarization measurements were

carried out by method VIII as described by Claassen et al. 10

The 19F NMR spectra were recorded at 84.6 MHz on a Varian Model EM 390

spectrometer. Chemical shifts were determined relative to the CFCI 3 solvent
12

with positive shifts being downfield from CFCI Second order spectra
3.'

were analyzed using the programs NMRIT and NMREN by Swalen.
1 3

Z-2



-3-

The mass spectra were recorded with an EAI Quad 300 quadrupole spectro-

meter at an ionization potential of 40 eV.

Synthesis of TeF5OH. Telluric acid, H2TeO 4 .2H20 or Te(OH) 6, was fluorinated
2

to give TeF OH by the method of Seppelt and Nothe using HSO F as the fluori-
5 3

nating agent. This technique calls for the use of distilled HSO F and initially
3

we encountered difficulty in producing TeF OH. Subsequently it was discovered
5

that addition of a few ml of H20 to the reaction mixture and heating the
0

reaction mixture at 160-170 C for 5-6 hours resulted in continuous evolution

of TeF OH at a slow to moderate rate. Finally, undistilled HSO F was employed5 3
which furnished T-F 5OH in 70% purified yield; 93.9 mmol TeF OH from 135 mmol

Te(OH) 6 and 1.75 ol HSO 3F. Fractional condensation was used for the final

product purification.

Fluorination f 0-. The salts CsTeF0 14 and KOTeF 15 were treated
- 5

with F2 in stainless steel cylinders at low temperature. Thus CsTeF5 0

(1.43 mmol) and F,(4.46 mmol) were allowed to react for 8d at -450 C. The

only volatile product condensable at -196 C was TeF 6 (0.38 mmol, 26%).

Similarly at -100 C for 2 weeks a 48% yield of TeF 6 was obtained from the

cesium salt. When the potassium salt (2.92 mmol) and F2 (4.46 mmol) were

kept at -450C for 6 weeksagain TeF 6 (2.35 mmol , 80') was the only volatile

tellurium compound observed.

Synthesis of TeF5OF from CsTeF 0 and FOS0 F. A 30 ml stainless steel Hoke

cylinder was loaded with CsTeF 50 (3.42 mmol) in the glove box. After evacua-

tion and cooling of the cylinder to -196°C, FOSO F (2.79 mmol) was added from
2

the vacuum line. The closed cylinder was slowly warmed to -780 C in a liquid

nitrogen-CO2 slush bath and finally kept at -45 C for 9d. Upon recooling to

-196 0 C, about 4-5 .m 3 of noncondensable gas was observed to be present. This

was pumped away and the condensable products were separated by fractional

condensation in a series of U-traps cooled at-78, -126, and -196 0C. The -780 C

fraction was TeF 50H (0.19 mmol) while the -196 0 C fraction was TeF 6 (0.49 mmol).
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A white solid was retained at -126 0 C which changed to a colorless glass and

melted, over a range of a few degrees, near -80 0C to a clear, colorless

liquid. This material was identified as TeF 5OF (1.91 mmol, 68% yield) based

on its vapor density molecular weight; found, 256.2; calc., 257.6 g/mol.

Further identification was based on its spectroscopic properties (see below)
16

and on the preparation of derivatives . The observed weight loss of the

solid (0.375 g) agreed well with that calculated (0.389 g) for the conversion

of 2.79 mmol CsTeF 50 to CsSO 3F. Vapor pressure-temperature data of TeF5 OF

were measured: T C, Pmm; -79.3, 16; -64.2, 45, -57.6, 63; -46.9, 108; -32.5,

210; -23.0, 312.

Synthesis of TeFOF from _eFs.OH and NF HF. A sample of NF4HF2.nHF (10.5 rtol)

was prepared and concentr3ted in a Teflon double U metathesis apparatus, as

previously described1 7 . Io this reactor, TeF OH (10.5 mmol) was added on the
0 ~50

vacuum line at -196°C. The mixture was allowed to warm slowly to -23°C and

was Iept at this temperatJre for 8 hours in a dynamic vacuum. The volatile

products were separated Li fractional condensation through traps kept at

-95, -126, -142 and -210 0C. Based on their infrared and 19F NMR spectra the
0

following products were collected in these traps: -210 C, NF3 and a trace of
03 0TeF 6 ; -142°C TeF and TeF OF in a mol ratio of about 3:1; -126 C, HF and

some TeF 5OF; -95 C, TeF OH and some HF. The white solid residue (0.57 g)

decomposed during an attempt to transfer it at ambient temperature to a

dry box for further characterization. The overall yield of TeF 5OF was

estimated to be about 10-20% with TeF and unreacted TeF OH being the princi-
6  5

pal products.

Results and Discussion

Synthesis of TeF5OF. By analogy to a previous attempt2 to synthesize TeF 5OF

from Hg(TeF 0) and F2 the fluorination of either CsTeF 0 or KTeF 0 with

F2 at -45 to -10°C was unsuccessful and resulted only in TeF 6 formation.

Since the decomposition of NF4XO salts had recently been shown to provide

new high yield syntheses for hypofluorites, such as FOCIO318 FOSO F19

an4OF0 3 2'
and FOIF404 , the syntheis of NF4TeF 50 by metathesis of NF4SbF 6 and CsTeF 50

in anhydrous HF was attempted. This attempt, however, was preempted by the
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fact that CsTeF 50 was found to react with anhydrous HF undergoing a displace-

ment reaction. Since recent work 17 in our laboratory had shown that even in+

cases of Lewis acids which are weaker than HF their NF4 salts can be prepared

by treating NF4HF2"nHF with the weak Lewis acid, this approach was studied

for NF 4TeF 50. Although the NF4TeF 50 salt itself could not be isolated, it

was found that TeF 5OH (which is equivalent to an equimolar mixture of the

Lewis acid TeF 40 and HF) reacted with NF 4HF 2nHF at -230C to produce TeF5 OF

in moderate yield

NF4HF 2 4 TPF5OH - NF3 + TeF5OF + 2HF

Since TeF6 was :he major product, we prefer to interpret this reaction inI6
terms of a flu.ination of TeF 5OH by nascent fluorine formed in the decompo

sition of NF 4HF,, rather than in terms of a decomposition of an unstable

NF TeF 0 interrediate. In the latter case, we would expect a near quantita-

tive yield of 'F 5OF.

A more facile high yield synthesis of TeF 5OF was discovered by reactin ,
CsTeF50 with FOSO2F at -45°c

CsTeF50 + FOSO2F - CsSO3F + TeF5OF

This reaction represents a new synthetic route to hypofluorites. Based on

the general usefulness of the analogous CIOSO 2F reagent for the syntheses of
202

hypochlorites, we predict FOSO 2F will become a similarly useful, versatile
and general reagent for the synthesis of hypofluorites.

When the synthesis of TeF 5OF from CsTeF 50 and FOSO 2F was carried out above
5 50

-45°C, the amount of TeF6 by-product sharply increased. For example, at -10°C

and with a reaction time of 7 days, the TeF 6 to TeF 5OF ratio in the product

increased to 1:1. The use of an excess of CsTeF 50 in this reaction was found

advantageous for the product purification since it eliminates the need for

separating TeF 5OF from FOSO F.
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Properties of TeF40F. This compound is colorless as a gas and liquid. Its

vapor pressure-temperature relationship for the range -79 to -230 C is given

by the equation

iogP = 6.9022 - li0l.2/T0 K

The extrapolated boiling point is 0.60 C. The derived heat of vaporization is

AH = 5039 cal mol- I and the Trouton constant is 18.4 indicating littleva p

or no association in the liquid phase. Vapcr density measurements showed

that in the gas phase the compound is also n-,t associated. We were not able

to observe a sharp melting point for TeF OF -ecause our samples showed a
5

tendency to form a glass near -800 C. The con;ound appears to be completely

stable at ambient temperature and has been s ored in stainless steel cylinders

for more than four months without any sign of decomposition.

19F NMR Spectrum- The 19 F NMR spectrum of I F5 OF in CFC13 solution at 280C

is shown in Figures I and 2 and is characteristic for a second order AB4X

spin system. A computer aided analysis of the spectrum resulted in the

following parameters: OA = -52.5, OB4 = -54.0, OX = 128.3, JAB = 180 Hz,

, AX = 4.9 Hz, JBX = 19.0 Hz, R = 1.20, J 12 5  19 = 3800 Hz. These values are~Te F
in excellent agreement with those found for numerous other covalent TeF50-

21
type conpounds.

* Mass Spectrum. The mass spectrum of TeF5 OF is listed in Table I together

with the spectra of TeF 50CO and TeF5 OH which were measured for comparison.

All of the listed fragments showed the characteristic tellurium isotope pattern

anj therefore the individual m/e listings were omitted for simplicity. The

spectra of all three compounds show weak parent ions and TeF 3+ as the base

peak.

Vibrational Spectra of TeF ,OF and TeF...OCI. The infrared spectra of gaseous
and of neon matrix isolated TeF5 OF and the Raman spectra of liquid and solid

* TeF OF were recorded (see Figure 3) and the observed frequencies are summar-
5 22

ized in Table 2. Since the assignments previously reported for TeF5OCI
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could not be reconciled with our results for TeF5OF, the vibrational spectra

of TeF 5OCI were also recorded (see Figure 4 and Table 3). The following

deviations from the previous literature data 2 2 were observed. (i) The

infrared spectrum of the gas does not exhibit a very strong band at 708 cm-1

Although our Ne matrix spectra show the presence of two intense bands at

732 and 718 cm 1, respectively, their frequencies are too close to result

in two separate bands in the gas phase spectrum. (ii) In the Raman spectrum

of the liquid the 141 cm- 1 band Is depolarized and the 809 cm- I band is

polarized. (iii) The infrared spectrum of the neon mat-ix sample shows

the presence of two fundamental vibrations in the 280 cm
- 1 regeon (see trace

C of Figure 4).

Using the well established23 assignments of TeF5 C and the revised

experimental data of TeF OCI for comparison, the vibrational spectra of

TeF OF can be readily assigned (see Table 4) assuming i- model with C4v

symmetry for the TeF5 O part and C symmetry for the Ter; part of the molecule.

O-F

F I F
F-Te

F - ' F
F

Except for the symmetric out of phase, out of plane TeF4 deformation mode

in species B which is usually not observed for pseudo-octahedral molecules

and is inactive under 0 h symmetry, all fundamentals expected for the above
C -C model were observed. The assignments(see Table 4) are straight

forward andshOw for the three molecules almost identical frequencies for

the TeF 5 part of the molecules. The modes involving the XY group of this

TeF XY molecule show the expected mass effects for different X and Y.

Since the Te-O stretching mode is expected to strongly couple with the O-Hal

stretch and to moderately couple with 5 TeF 4 (AI1
2 4 , these modes also exhibit

a mass effect.
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Comparison of the assignments of Table 4 with those previously 
given 22

for TeFsOCI shows that with the exception of v7 (B2 ) and V1 3 all the pre-

viously given assignments for the deformation modes should be revised.

Since a thorough normal coordinate analysis has previously been carried

out2 3 for TeFsCl and in view of the similarity of the TeFsCl and TeFsXY

spectra, a normal coordinate analysis of the latter molecules appears

unwarranted.

Conclusion. The results of this study show that FOSOF2 is a useful reagent

for the synthesis of hypofluorites 5 Furthermore, it is shown that TeF 5 OF,

as expected from comparison with TeF 5OCI, TeF OBr and FOIF 40, indeed exists

and is a stable molecule. The TeF5OF molecule was characterized and the
vibrational assignments were made for TeF5 OF and TeF OCl.
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Diagram Captions

Figure 1. Observed and calculated 19 F NMR spectra of the AB4 part of TeF OF.

Figure 2. Observed and calculated 19 F NMR spectra of the X part of TeF OF.

Figure 3. Vibrational spectra of TeF OF. Trace A, infrared spectrum of

TeF OF isolated in a neon matrix (mole ratio 400:1) and recorded
5

at 6K. Traces B and C, infrared spectra of the gas, recorded

at pressures of 74 and 3 mm, respectively, ir a 5-cm path length

cell equipped with AgCI windows. The very weak bands at 1272,

1105, 640 and 548 cm" ! in spectrum B are due o a trace of FCiO 2

resulting from the CIF 3 used for passivation Traces D and E,

infrared spectra of the gas, recorded at pre-sures of 86 and

8 mn, respectively, in a 10-cm path length c, 1 equipped with

polyethylene windows and with polyethylene w ndows in the reference

beam. Traces F and G, Raman spectra of the ;iquid, recorded in

3 mm o.d. quartz tubes at -55 C with the incident polarization

parallel and perpendicular, respectively.

Figure 4. Vibrational spectra of TeF OCI. Trace A and C, infrared spectra

55of TeF 50CI isolated in a neon matrix (MR - 400:1) at 6 K. Trace

B, infrared spectrum of the gas, recorded at a pressure of 27 mm

in a 5-cm path length cell equipped with AgCl windows. Traces

D and E, Raman spectra of the liquid, recorded in 3 rmm o.d. quartz
0

tubes at -80 C with the incident polarization parallel and perpen-

dicular, respectively. Trace F was recorded under the same condi-

tions as trace D, except for a narrower slit width.
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Table 2. Vibrational S~ctra of To 5Q

Kobsd freq, cm"  and rel intens-R asi gnment b

gas Ne matrix litquid solitd

00
-55°C -11 C

1800 vw 212

1449 vw 2v

1403 w V 2 +V8

908 vw 905(0.4)p 904(0.8) V 1 2

738 vs 738Cvs 738 sh dp 735 sh v8

727 vs 12l(1.1)p 721(l.3) V

718 vw

709 vwI 
impurity?

668 vw 59(l0)p 670(10) 12

660(0.3)dp 662 sh 5

616 m 618 m 613( 3.8)p 613(4) 3

327 vs 325 sh, dp 325 sh 9

324 vs 9 s9
318 vs 319 sh 1 0

308 vw 309(1.0)dp 309(1.6) V 7

300 sh 302 m 301(0.5)p 301 sh V 4

280 mw 278 m 279(0.2)dp 279(0.2) V 11

241 mw 239 mw 240(0.2)p 240(0.2) V13

166(0.1)dp 167(0.1) 14

a) Uncorrected Raman intensities (peak heights).

b) For mode description see Table 4.

c) BanY shows tellurium isotope finestructure with splittings of about 1.30

cm
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Table 3. Vibrational Spectrp of TeF 50CI

obsd freq, cm 
l, and rel intensa

IR Raman assignment b

gas Ne matrix liquid

-80 c

1365 vw v3 +  %l2

814 s

812 s 809(o.9)p V

811 s

(732 vsc  730 sh, j 8

732 vs

718 s 713(1.6)! Vi

663(10)p

655 sh, p v5

551 m 558 m 554(6.5) p v3

327 vs 328 sh, dp 9

322 vs 316(0.8)dp V10

308(0.8)dp 7

285 m VI1

281 m 281(2.8)p V4

218(1.l)p V1 3

141 (0.3)dp V14

a) Uncorrected Raman intensities.

b) For mode description see Table 4.

c) Band shows fine structure with splittings of about 1.30 cm-  due to

tellurium isotopes.

Z
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Karl 0. Christe* and E. C. Curtis

Received .

Abstract

Infrared spectra of gaseous, solid and matrix isolated CIO 3F and Raman

spectra of liquid C10 3 0F are reported. All 12 fundamental vibrations expected

for the covalent perchlorate structure l of symmetry C were observed

0
and assigned. A modified valence force field was computed for CIO OF using

the observed 35 Cl - 3 7 Cl isotopic shifts, symmetry relations between the A'

and the A" block, and the off-diagonal symmetry force constants of the

closely related FCIO molecule as constraints. Previous assignments for

CIO 3OCI, CIO 3OBr, CIO 3OCF3 , Cl2 07, and FSO 2OF are revised. The 9 F NMR

spectrum of CO 3F was recorded, and thermodynamic properties were computed

in the range 0-2000 K.

Introduction

Fluorine perchlorate (or perchloryl hypofluorite) was probably first

prepared I in 1929 by Fichter and Brunner by the fluorination of dilute

HCIO 4 with F2 , but was incorrectly identified. The first positive identi-

fication of CIO 3OF was reported in 1947 by Rohrback and Cady who obtained

the compound from the reaction of F2 with concentrated perchloric acid. They

reported that CIO 3F consistently exploded when frozen.

In view of its explosive nature, it is not surprising that very few

papers dealing with ClO 3F have been published since then. In 1962,

Agahigian and coworkers reported3 the 19 F NMR spectrum of CIO 3F in CFCI 3

and four infrared absorptions of the gas. The same four infrared bands have
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also been observed in a study 4 at United Technology Corporation in

which the heat of hydrolysis was measured for CIO 3OF. Macheteau and Gillardeau

studied 5 the thermal decomposition of CIO 3OF and confirmed the four Infrared

bands previously reported. 3 Small amounts of CIO 3F have been reported to

form as by-products in the reactions of F2 with metal perchlorates '6' and
C12 068 Force constants have been predicted for CIO 3OF by Witt and Hammaker

using the four published infrared frequencies, estimating the missing frequen-

cies from the known CIO 3OCI data 10 and transferring five internal force con-

stants from CIO 3OC to CIO 3OF. It was recently found that very pure ClO OF

could be obtained in high yield by the thermal decomposition of NF4CIO14.

The CIO 3F, prepared in this manner, could be manipulated and repeatedly frozen12

without explosions. In view of this improved synthesis and the paucity of

previous data on CI0 30F, a better characterization of this compound was

undertaken.

Experimental

Caution! Although no explosions were incurred during the present study,

the original reports 2 of Rohrback and Cady indicate that CIO 3F is a highly
sensitive and powerful explosive. It should be handled only in small quantities

and with proper safety precautions.

Fluorine perchlorate was prepared by thermal decomposition of NF 4ClO 4 11,13

at ambient temperature and was purified by fractional condensation in a well

passivated (with CIF 3) stainless steel Teflon FEP vacuum system. Fluorine

perchlorate was found to slowly pass through a -126°C trap, but to stop in a

colder trap. The only impurity detectable in the infrared spectrum of the gas

,* at 1000 mm pressure was a trace of FCIO 2.
.2*

Infrared spectra were recorded on a Perkin-Elmer Model 283 spectrometer

which was calibrated by comparison with standard gas calibration points. 14,15

The reported frequencies and isotopic shifts are believed to be accurate to

* *2 and ±O.Icm , respectively. Gas spectra were recorded using a Teflon cell

of 5 cm pathlength equipped with a Teflon PFA valve (Fluoroware Inc.) and

AA-2
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AgCI windows. The spectra of neat and matrix-isolated CIO 3OF were recorded at
4°0K using an Air Products Model ACL3 helium refrigerator equipped with Cs

windows. Research grade N2 or Ne (Matheson) were used as matrices in mole

ratios of 1000:1.

The Raman spectra were recorded on a Cary Model 83 spectrometer using the

488OR exciting line with a Claassen filter for the elimination of plasma

lines. 16 Polarization rnme.zjrements were carried out by method VIII, as

described by Claassen et al. A flamed out 4 mm o.d. quartz tube was used

as a sample container in the transverse excitation-transverse viewing mode.

It was cooled to -100 C in an apparatus similar to that 17 described by Miller

and Harney.

11

The 19F NMR spectrum of CIO 3OF in HF solution was recorded at 84.6 MHz

on a Varian Model EM390 spectrometer equipped with a variable-temperature

probe. Chemical shifts were determined relative to external CFC1 with
3

positive shifts being downfield from CFCI 3.

Results and Discussion

Properties of CIO OF - Fluroine perchlorate is colorless as a gas and a liquid

and white as a solid. It was found to be stable at room temperature in either

Teflon or passivated steel containe'rs and to be the most stable member of the

series CIO 3OF, ClO 30Cl, CIO 30Br. Contrary to the original report of Rohrback
2

and Cady , explosions were not incurred on either freezing or melting CIO 3OF.

Since Rohrback and Cady had prepared their sample of ClO 3OF by fluorination

of HCIO, a small amount of the latter could have caused their samples to

be more sensitive
18

The 19F NMR chemical shift of CIO 3OF has been reported to be 225.9 ppm
downfield from CFCI. However, since the shift for FClO3, reported in the

same pa19
same paper, is in error by about 35 ppm, we have redetermined the shift for

CIO 30. In HF solution, a single line, 219.4 ppm downfield from external

CFC1 Y was observed, in fair agreement with the previously reported value of

225.9 ppm.

AA-3
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Vibrational Spectra. The infrared spectra of ClO 3OF were recorded for

the gas, and for the neat and the neon and nitrogen matrix-isolated solid

(see Figures 1-3). The Raman spectra of liquid CI0 30F, recorded at -1000 C,

are given in Figure 4. The observed frequencies and their assignments are

summarized in Table I. The four infrared bands previously reported3-5 for

gaseous ClO 3OF agree well with our results.

Assignments. By analogy with closely related molecules, such as CF3 OF, 20,21

fluorine perchlorate should possess a staggered structure of symmetry C .
5

0 0 0

43 5

The 12 fundamental vibrations expected for CI030F of symmetry C s can be

classified as 8A' and 4A", where all modes are allowed in both the infrared

and the Raman spectrum. In the Raman spectrum, the A' modes can be either

polarized or depolarized, while the A" modes should all be depolarized. An

approximate description of all 12 modes is given in Table 2.

By comparison with the known spectra of the related molecules CIO OCl, 
O

ClO OBr, I 0 3OOH,22 ClOzOD 22 0 CIOClO3 9,23,24 CF3 OCO 125 FCIO12610

FOSO F,3 1-3 3 and CF OF, 3 -39 the assignments for most fundamental vibrations2 3
of CIO OF (see Table 2) are straight forward. Additional support for these

assignments comes from the observed3 5Cl - 37CI isotopic shifts (chlorine has

two naturally occurring isotopes, Cl and Cl, with an abundance ratio of

3:1), from the normal coordinate analysis (see below) and the Raman polari-

zation data. Consequently, only the less straight forward assignments will

be discussed.

The two antisymmetric ClO 3 stretching modes, vI(A') and v 9(A") are almost

degenerate and therefore could be observed as separate bands only in the

matrix spectra Pt about 1303 and 1295 cm- . In the Ne matrix, the 37C1
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satellite of the 1303.6 cm fundamental appears to be in Fermi resonance with

the A' combination band (2v7+v6). Because Fermi resonance is possible only

between vibrations belonging to the same symmetry species, the 1303.6 cm "1

band is tentatively assigned to the A' mode. The additional smaller splittings

observed for the 1295 cmI band in the Ne matrix and for the other bands in

the N2 matrix are attributed to matrix site effects. The Raman polarization

data for the 1289 cm-1 band were inconclusive due to the great linewidth, low

intensity and low degree of polarization, and therefore were not useful for

distinguishing between the A' and the A" fundamental.

The frequencies of the two CIO 3 rocking modes, v7(A') and v1 1 (A"), almost

coincide and are readily assigned on the basis of their Raman polarization ratios.

The splitting of VI,(A") (see Fig. 3) into two components In the matrix

isolated infrared spectra is attributed to Fermi resonance with 3V12 (A").

The symmetric (umbrella) C10 3 deformation mode, v 5 W), and the two

antisymmetric CIO 3 deformation modes, vIo(A") and v6(A'), are assigned to the

three fundamentals observed at about 599, 563 and 529 cm , respectively.

The assignment of the 599 cm"1 fundamental to V5(A') is established by the

observed PQR band contour in the infrared spectrum of the gas, its large
35Cl - 37C1 isotopic shift and, in particular, by the results from the

normal coordinate analysis (see below). By analogy with CF OF,35 CIO OF
is an accidental symmetric top with Cl and F lying on the axis of the

smallest morent of inertia (IA) and rotational constants of A-0.181, B=O.0932,
and C=0.0931 cm- . Therefore, the band contours for CLO 3OF are expected40

to be analogous to those of CF OF for which the PQR band contour of the
3

umbrella deformation mode is well established. By analogy with FC13 30 and
COoi10

CI030C1,1 the CI-O stretching and the ClO3 umbrella deformationmode in Cle30F are

expected to exhibit a total of about 11 cm in 35C1 - 3 Cl isotopic shift

whose distribution between the two modes is governed by their degree of

coupling. In CIO OF, the Cl isotopic shift of the Cl-O stretching mode is

onIy 7.0cm-lthus requiring a Cl shift of about 4 cm for the CIO3 umbrella

AA-5
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deformation mode. This condition is met by the 599 cm fundamental (L v=3.8cm-),

but not by that at 529 cm (AV-icm- ). Furthermore, the normal coordinate

analysis strongly preferred a Cl isotopic shift of about 3.0 cm-  for v 0(A")-I -I 1

and could accommodate a 3.8 cm or I cm shift only with unreasonable off-

diagonal symmetry force constants. Also, the potential energy distributions

of all physically meaningful force fields, obtained with the different possible

assignments, Insisted on 599 cmI belonging to the A' block and being the
-I

umbrella deformation mode. With the 599 cm fundamental being firmly assigned

to the umbrella deformation mode, assignments for v6 (A') and v 0(A") are

unambiguous on the basis of the Raman polarization data.

The frequency of 127 cm" 1 for the Ci-OF torsional mode in CO 3OF

is in excellent agreement with that 36,39 found for the closely related
20CF3OF molecule and confirmed by microwave spectroscopy . Since the reduced

moment of inertia for internal rotation rl A of CF3 OF and CIO 30F should be

comparable, the potential barrier to internal rotation in CO O3F is expected

to be similar to that of CF3 OF (about 4 kcal mol 1 )20 '39 . The remaining

assignments for CIO 3F are all unambiguous and require no further comment.

Only minor frequency shifts were observed for CIO 3F when going from
the gas to the liquid and the solid. This indicates little or no association

in the condensed phases.

Comparison of the ClO 3OFAssignments with Those of Similar Molecules.

In Table 2, the assignments for CIO OF are compared to those of similar
3

molecules. The general agreement between the different compounds is excellent

and permitted improvement of some of the previous assignments. For example,

the assignments previously proposed for the antisymmetric (A') and the
symmetric ClO 3 deformation mode of CIO30C], 10 10Br, and Cl207 should

be reversed and the assignments for ClO 3CF3 should be revised to conform

with those of CIO 3F.
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For FSO 2OF, different mode descriptions were used in Table 2, although

its vibrational spectra are closely related to those of the other molecules

given in this Table. In CIO 3OF, the three doubly bonded oxygens are almost

equivalent. Therefore, their motions are strongly coupled and best described

in terms of CIO 3modes. In contrast, the SF and the SO 2bonds in FSO 2OF are

quite different and consequently, are best described in terms of separate SF

and SO 2 motions. It should be kept in mind, however, that the symmetry

coordinates of CIO 3OF and FSO 2OF are closely related and are linear combina-

tions of each other.

For FSO 2OF, the assignment of the deformation modes, given in Table 2,

is based on the reported Raman polarization data3 and infrared band contours.

The SO 2 wagging or SO2 parallel rocking mode is the only mode which should

result in a dipole moment change predominantly along the axis of the smallest

moment of inertia (I A. Consequently, t his mode should be assigned to the

F

IA F

575 cm1 infrared band which is the- only band exhibiting a pronounced A type

contour. By analogy, the 523 cm- infrared band exhibits a typical perpendi-
cular band contour and is therefore assigned to the out of plane SO rocking

2
mode.

Chlorine Isotopic Shifts. The 35C1 - 37 C1 isotopic shifts observed for

CIO 3OF are summarized in Table 3. In view of the Importance of these shifts

for the force field computation, factors influencing some of these shifts will

be briefly discussed. Whereas v 5, V 9 and v1 0 are essentially undisturbed,

some of the other bands appear to be influenced by effects, such as Fermi

resonance with combination bands.
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For vl, resonance between (2v7 + V6)37C1 and v1  Cl most likely shifts

the latter to higher frequency and decreases its relative intensity,and the

apparent 35 Cl - 37 C1 separation of v V Using a weighted average of the 1285.9-1 37Irstsna liopi
and 1289.7 cm bands for the frequency of V1  Cl, results in a Cl isotopic-II I

shift of about 14.5 cm , similar to that (14.6 cm 1 ) observed for the almost

degenerate v9 (A") fundamental.

For V2 a discrepancy exists between the matrix isolation and the gas-phase
-I

data. Whereas two Q branches with a frequency separation of 2.4 cm were

observed in the gas phase spectrum, the matrix isolation data show that in
-1

the Ne and the N matrix the isotopic shifts are 3.3 cm . Two combination
2

bands, ( v4 + v7) and 2v6, occur in this region and were indeed observed in

the matrix spectra. However, since in the Ne matrix they occur on the high

frequency side of v2 and are of low relative intensity, the larger isotopic

shift in the matrix spectrum cannot be attributed to Fermi resonance effects.

Since in the closely related FClO 3 molecule the Cl isotopic shift of this
-l 30

highly characteristic symmetric CI03 stretching mode is 3.05 cm , we prefer

the matrix shift value for v2 of CIO 3F. The second Q branch, observed in the

infrared spectrum of the gas, rrght be due to other effects such as hot bands.

-1
The O-F stretching mode, v3 (A') shows a splitting of about 3 cm in the

Ne matrix spectrum, but in the N2 matrix and gas phase spectra this satellite

band is shifted to the high frequency side of v 3 and therefore is attributed

to the combination band (2v7 + \12

Normal Coordinate Analysis. The normal coordinate analysis of CIO 3OF pre-

sented a particular challenge because previous force field computations for

the closely related CIO 3OX (X=Cl, Br, CIO 3)
9'10 , CF3OX (X=F, Cl)

34'3 8'4 1 and

FSO2 OF33 molecules revealed difficulties in reproducing the experimental

frequencies and resulted in extensive mixing of symmetry coordinates for

many of the A' modes. Because of the highly underdetermined nature of these

force fields, the mere reproduction of the observed frequencies does not

.4' necessarily result in a meaningful force field or even support a certain

assignment. In order to avoid most of these draw backs, we have used for our
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normal coordinate analysis of CIO OF the following additional constraints:3
(I) 35Cl - 37CI isotopic shifts (ii) symmetry relations between the A' and

A" block, and (iii) transfer of many force constants, particularly off-

diagonal symmetry force constants from the closely related FCIO molecule
3

to CIO 3F. For this purpose, it becamse necessary to first determine a

reliable general valence force field for FClO3 from a combination of CI

isotopic shifts, Coriolis constants, and ab initio force constant calcula-

tions. 30  Using this well established FCIO 3 force field as both a starting

point for the ClO 3F computations and as a criterion for judging the plausi-

bility of the resulting force field, a force field was determined which met

all our criteria.

For the computation of the CIO OF force field, the vibrational frequencies,
3

Cl isotopic shifts and assignments of Tables 2 and 3 were used. The re-

quired potential and kinetic energy metrics were computed by a machine method
42 using the following geometry, estimated from a comparison with the related

molecules FCO 143 C 103 OH, and CF3 OF.20'2 1

0 .4%---R=1.64
105 Yr 103.20

0 C - -- r=l .43R

1150

The symmetry coordinates used were the same as those given in reference 38,

except the redundant coordinate was made exactly orthogonal to the other

coordinates by the Gram-Schmidt process. Analytical expressions for the

symmetry force constants are given in Table 3. The off-diagonal symmetry force

constants were adjusted by trial and error and then kept fixed during

adjustment of the diagonal symmetry force constants by a least squares

method to reproduce the observed frequencies and isotopic shifts. Due to
the symmetry relations between the A' and the A" block (F F =

F 1010 , F7 7 = F 11, F16 = -F9 10 , F17 - Fg1i , and F6 7 = -F10 11), both blocks

were refined simultaneously. Due to its low frequency and weak coupling

with other modes, the torsional mode v12 was omitted from the analysis.
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Using this method and the FClO 3force field as a starting solution

(supplemented by appropriate estimates for the 0-F group) , the A'-A" symmetry

constraint was at first fully enforced. Although a close duplication of the

observed frequencies and isotopic shifts was possible, the resulting force

field and potential energy distribution were unsatisfactory. For satisfactory

force field solutions, the computed frequency of v 7 was always too low and

that of v 1 1 too high. This suggested that the two CIO 3rocking modes, v (A')

and V 11(A"l), are not completely degenerate and therefore the F 77 F II
constraint was removed. Removal of this constraint significantly improved

the force field, but again the results suggested that removal of the

F 66= F 100constraint would significantly benefit the force field. In this

manner, a very satisfactory force field (see Table 3) was obtained which

exactly duplicated the observed frequencies and isotopic shifts and contained

force constants for the CIO 3 part of the molecule which are very similar to

those of FC1O 330 (see Table 4). 'Removal of the F ]I F 99constraint was
shown to be unnecessary since it did not change the values of F 11and F99

The only minor deviation between observed and computed isotopic shifts

exists for v Iand v9, however, it must be kept in mind that (i) the shift of

VIis disturbed by Fermi resonance effects (see above) and (ii) that anharmoni-

city corrections 45for these large shifts would be of the same magnitude as the
observed deviations.

The force field of CIO 3OF, given in Table 3, contains in addition to the

interaction terms transferred from FCIO 3only one relatively small (F 46 = 0.22

mdyn )a - off-diagonal symmnetry force constant. This is not surprising in

view of the near degeneracy of the-OClO modes. If these modes were completely
3

degenerate, vVand vwould belong to species E and v2  4  andyv
6 7 P V45

to species A1 of the corresponding C symmetry molecule and, therefore, no3v
interaction force constants between the two species would be allowed. In

the case of near degeneracy of these modes, as in CIO 3OF, the interaction

force constants between the two group can be non-zero because they both

belong now to species A'. However, their numerical values should be very

small or zero, as can be shown by semi-quantitative arguments.
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Thefact that the symmetry constraints between the A' ard the A" block are

not strictly valid, is not surprising. As expected, the two CIO 3 rocking

modes are the least degenerate (22 percent difference). Because the O-F

group is situated in the symmetry plane of the molecule, the in plane rocking

motion requires a significantly higher force than the corresponding out of

plane motion. For the antisymmetric CIO 3 deformation constants the difference

between A' and A" values amounts to only four percent and for the antisymmetric

CIO 3 stretching modes it is zero. In view of the very near degeneracy of

the antisymmetric CIO 3 stretching and deformation modes, it is not surprising
that the symmetry constraint imposed on the corresponding off-diagonal symmetry

force constantsworked well for our force field. In this connection, it should

be pointed out that the expected, albeit small, tilt angle of the CI-O bond

away from the three fold axis of the CIO 3 group should cause a small difference

between the A' and A" force constants. However, in the absence of exact

structural data for CI0 3OF, the tilt angle was assumed to be zero in this study.

To obtain a better feel for the possible variation in the force constant

values of CIO 3OF, the range of possible solutions was calculated for the A"

block and is shown in Figure 5. Since five independent frequency values were

available from the isotopic data for the computation of six symmetry force

constants, five force constants were calculated as a function of the sixth

one, in this case F9 lI. As can be seen from Figure 5, limitation of the

off-diagonal force constants to reasonable values, places rather narrow

limits on the more important diagonal terms. The force field selected from
the simultaneous A'- A" refinement is given by the broken line and is analogous

to the FCIO 3 E block force field
30 . The differences in the signs of some of

the off-diagonal force constants between FCIO 3 and CIO 3F is caused by the

different signs in the symmetry coordinates used for the two computations

and therefore have no physical meaning.

The potential energy distribution for CIO 3F is given in Table 3. It

shows that the approximate mode descriptionsused in Table 2 are appropriate.

The largest amount of mixing was observed for V4 which, by analogy with v2 of
FCO30

FCI03, 3is an antisymmetric combination of S4 (Cl-O stretch) and S5 (6sClO 3).
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In order to test the possibility of interchanging the assignments of

v 5 V6 and v10 , force fields were computed for all possible assignments and

led to the conclusions stated in the discussion of the assignments.

Thermodynamic Properties. The thermodynamic properties of CIO OF were
3

computed with the molecular geometry given above and the vibrational

frequencies of Table 2, assuming an ideal gas at 1 atm pressure and using
46

the harmonic-oscillator, rigid-rotor approximation. These properties for

the range O-20000 K are given in Table 5.

Conclusions. The observed spectra of CIO 3F agree well with a covalent

perchlorate structure of symmetry C . All 12 fundamental vibrations were

observed and assigned. The assignments were confirmed by a normal coordi-

nate analysis using Cl isotopic shifts, symmetry relations between the A'

and A" block, and force constants, transferred from FCIO 3, as constraints.
The resulting force field exactly duplicates the experimental data, retains

the most important force constant features of FCIO 3, and results in a

characteristic potential energy distribution, thus demonstrating the useful-

ness of these constraints for the determination of a reliable force field.

A comparison of the A' and A" block force constants shows that the two CIO 3

rocking modes significantly differ, whereas the two antisymmetric CO 3

deformation modes are almost degenerate and the two antisymmetric CIO 3

stretching modes are completely degenerate. Tnis is not obvious from the

observed frequencies which due to different degree of mixing in A' and A"

are very similar for the two rocking modes, but are significantly different

for the two antisymmetric CIO 3 deformations. The force constants of the

CIO 3 group of C10 30F are very similar to those of FClO 3, but, as expected

from the replacement of F by the somewhat less electronegative -OF group,

are slightly lowered.
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Diagram Captions

Figure 1. Traces A, B, and C infrared spectra of gaseous CIO OF recorded

in a 5cm pathlength cell at pressures of 1000, 100, and 10 torr, respectively.

The broken line indicates background absorption by the AgCI windows. Traces

D and E, infrared spectra of neat and Ne matrix-isolated CIO OF respectively,

recorded at 4Kusing CsI 
windows.

Figure 2. Infrared spectra of N2 and Ne matrix-isolated and of gaseous

CO OF recorded with 20 fold scale expansion under higher resolution condi-
3

tions.

Figure 3. See Caption of Figure 2.

Figure 4. Raman spectra of liquid CIO 3F in a Lmm quartz tube recorded at

-100 C with parallel and perpendicular polarization. The insert shows the
-l

377 cm band recorded with scale expansion.

Figure 5. Solution range of the A" block symmetry force constants of

CIO OF computed from the chlorine isotopic data and plotted as a function
3

of F 9 1 . The units are identical to those given in Table 3. The broken

line indicates the preferred force field.
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Table 4. Comparison of Internal Force Constants jf C10 30F with Those of FC1O 3

CI0 30F FC10 3

fr 9.52 9.76

f -0.01 0.07rr

frR 0.09 0.08

f -f 1.62 (A') 1.53
1.55 (A")

f 6- f 66 1.54 (A') 1.49
1.21 (A")

fr fra, 0.27 -0.29 b

f -fr 0.35 -0.33b

f aa-fa, 0.2 0.26

(a) For dimensions of force constants see footnote (a) of Table 3.

(b) The different signs in these force constants are caused by the different

signs in the symmetry coordinates used for the two computations and

therefore have no physical meaning.
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United States Patent p1(11 4,152,406
Ckdiste et al. 1451 May 1, 1979

f 54) SELF-.CLINKERING NF+ COMPOSITONS [561 Referewcee Cited
FOR NF3-F 2 GAS GENERATORS AND PUBLICATIONS
METHOD OF PRODUCING SAME

Christe et al., "Inorganic Halogen Oxidizer Research,"
abstract, Report R-9262 (publ. 1974).

[751 Inventors: War 0. Chrlste, Calabasas; Carl J. Bailor et al.. "Comprehensive Inorganic Chemistry,"
Schack. Chatsworth; Richard D. vol. 3, pp. 1330-1333 and 1370, Pergamen Press Ltd.
Wilhoa, Canoga Park, all of Calif. (1973) Oxford.

Primary Examiner--Edward A. Miller
(731 Assignee: Rockwell Intermatlosial Corporado.. AItoneY.Agent. orFirm-L. Lee llumphries; Robert M.

El Segundo, Calif. Sperry

[571 ABSTRACT
[21] Appi. No.: 734,153 Improved NF4+ compositions for solid propellant

NF3-F2 ,rs generators are described which produce

12 Fie: O 2,1976 NF3 and F2 free of gaseous Lewis acids and do notr ~ 22] iled (:)t. ~require clinker forming additives for their complexing.
The novel self-clinkering compositions (NF.) 2SnFb,

[511 nt .2 ................. COIG 21/52; COIG 23/02 NF4SnFs. (NF4)2TiF6. NF.Ti2F9, NF4Ti3F13, and
(521 U.S. al......................... 423/351; 149/119; NF4TieF 25 and processes for their production are dis-

149/109.4; 423/472 closed.
(581 Field of Search.............. 149/I119, 19.3, 109.4;

423/351.,472 9 Claims, No Drawlng
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sure at 284' C.) can be prepared The lack of acidity of
SELF-CULNKERING NF4 + COMPOSITIONS FOR SnF4 At temperatures. at which NF430 salts can be
NFj-F2 GAS GENERATORS AND METHOD OF formed and exist, was demonstrated. It wa shown that

PRODUCING SAME mixtures of NFj, F2. and SnFs, when heated to temper-
5 atures of up to 300" C. at autogenous pressures of about

The invention herein described was made in the 150 atm, did not show any eevidence for NF4 - forms-
course of or under a contract or subcontract thereun- lion.
der, (or grant) with the United States Navy. Since a direct synthesis of an NF4+ salt denved from

BACKGROUND OF THE INVENTION SnF4 was not possible, we have studied metathetical
h0 and displacement reactions Because SnF # - - salts are

1. Field of the Invention stable in anhydrous HF, the metathetical and displace-
This invention relates to compositions of matter and sent reactions were cased out in this solvent The

methods of producing the same and is particularly di- mfollowingimeshwthetcarectin
rected to improved solid propellant NF)-F2 gas genera.

tor* derived front seif-clinkering NF 4 # salts, together 1
with methods for producing such gas generators. 2NP4SbP*+CalSnP:u t" w",I 2(3kFoI +tNF.1imlar

2. Description of the Prior Art
NF 4  salts are the key ingredients for solid propel- was carried out. It resulted in the precipitation of the

lant NF3-F 2 gas generators, as shown by D. Pilipovich rather insoluble salt CsSbF6. while the soluble
in U.S. Pat. No. 3,963,542. These propellants consist of 20 (NF4hSnF6 remained in solution. The two products
a highly over-oxidized grain using NF4+ salts as the were separated by a simple filtration step. The compost-
oxidizer. Burning these propellants with a small amount lion (in mol%) of the crude product was: (NF4)2SnF6,
of fuel, such as aluminum powder, generates sufficient 33;NF4 SbF., 13;CsSbF.,4.Thepurityofthisproductcan
heat to thermally dissociate the bulk of the oxidizer. be easily increased by following the procedues outlned
This is shown for NF 4 BF4 in the following equation: 25 for NF4 BF, in our co-pending application Ser No

NF4BF4-NF+ F1 + BF3 731,198 filcd Oct. 12, 1976, and now U.S. Pat. No.

As can be seen from the equation the gaseous combus- 4,107,275.
tion products contain the volatile Lewis acid BF3. This Another NF4 + alt derived from SnF4 was obtained
disadvantage of a volatile Lewis acid byproduct is by the following quantitative displacement reaction in
shared by all the previously known NF4 + compositions. 30 anhydrous HF as a solvent.
These volatile Lewis acids possess a relatively high NF4BF4+SnF"*F.,1*1,.NS +BF.
molecular weight and a low y value (-v=Ct, relative to -4 1  .

C. For TiF4. the direct synthesis of an NF 4
+ salt from

the preferred diluent helium and frequently act as a 33 NF 3, F2, and TiF4 is still possible, since TiF4 possesses
deactivator for the chemical HF-DF laser. Conse- already some vapor pressure at temperatures where
quently, these volatile Lewis acids must be removed NF 4

+ salts can be formed. However, the product thus
from the generated gas prior to its use in an efficient obtained is very rich in TiF, as shown by the following
chemical laser. Based on the state of the art, heretofore, equation:
this would be achieved by adding a clinker forming 40

agent, such as KF, to the solid propellant formulation.
The function of this additive served to convert the NFj + P2 + 6TgF4  .L .$t.it NF 4T6F25

volatile Lewis acid, such as BF3, to a non-volatile salt as
shown by the following equation: The NF4+ content of this salt could not be significantly

KF+BF3 -KBF 4  45 increased by any changes in the reaction conditions.
Displacement reactions between NFSBF 4 and TiFs.

The principal disadvantges of this approach are that, either in HF solution or in the absence of a solvent.
even if an excess of KF is used, complete clinkering produced NF4+ salts according to
cannot always be guaranteed, and that the addition of
the KF severly degrades the yield of NF 3-F2 obtainable 50 NF4BF 4 +n TiFa-NFdTiFs (n - %TF4 + 11

per pound of formulation. This problem could be solved
by using NF 4

+ containing compositions derived from where, depending on the exact reaction conditions, n
non-volatile Lewis acids. However, the synthesis of equals either 3 or 2.
such compositions has previously been unknown, since A further increase in the NF4 + content was possible
highly stable and non-volatile Lewis acids are poly- 55 by the following metathetical reaction which yielded
meric and contain coordination-wise saturated central (NF4) 2TiF6:
atoms. Consequently, these compounds possess very
little or no acidity, which renders the synthesis of such ZNF 4SbF6+CI2TiFHF .'" 2CsSbF,I +(NF 4 )2TF6

salts very difficult.

BRIEF SUMMARY AND OBJECTS OF THE The separation and purification procedure for this prod-
INVENTION uct is analogous to that outlined above for (NF) 2SnFb.

The above described problem of obtaining a Lewis The advantages of the above disclosed concept of

acid free NF3-F 2 gas stream from NF4 + compositions using these novel self-clinkering NF4 + composition for
without clinker forming additives is overcome by the 65 NF 3-F2 gas generators become obvious from a compari-
present invention. We have found that NF 4 

+ salts, de- son of their theoretical performance data. In Table I.
rived from the polymeric non-volatile Lewis acids the theoretical yields of usable fluorine, expressed in
SnF4 (subliming at 704' C.) and TiF 4 (I atm vapor pres- weight percent, of (NF4)2SnFe and (NF 4 )2 TTiF6 are

BB-2



4,152,4063 4
compared to that of KF clinkered NF4BF4, the highest (NF4)2SnF6, 12.9 NF 4SbF6, and 4.3 CsSbF6: NF3 ,
performing presently known system The novel self- 31.72; Sn, 24.60; Sb, 5.24; Cs, 1.43.
clinkenng compositions clearly outperform KF clin- (NF 4 )2 SnF6 is a white, crystalline, hygroscopic solid,
kered NFBF4 Furthermore, the rsk of incomplete stable at room temperature but decomposing at 240" C.
clinkering which always exists for s clinkered formula. S Its characteristic x-ray powder pattern is listed in Table
tion is avoided If. Its ionic composition. i. e. the presence of discrete

TABLE I NF 4
+ cations and SnF 6 - - anions was established by

A CoamP u. Al Thle,,sl Irmimo "9F nmr, infrared and Raman spectroscopy.
of srmile s tSaF ...d The 19F nmr spectrum, recorded for a BrFs solution,

SNI' i.l,F, -ih KF.<nkered NF 4BF4  tO showed in addition to the solvent lines a triplet of equal

Sysuem Pr'h..a'C,. 01,rgst u ble F) intensity with 4= -220, JNF.229.6 Hz, and a line
NINF- I ZKF 38 5 width at half height of about 5 Hz, which is charactens-
t(N .I,.i. 400 tic of tetrahedral NF4+ . In addition, a narrow singlet at
tNFit~i* s556 #- 149 was observed with the appropriate 117/I 19Sn

Is satellites (average JSAF= 1549 Hz), characteristic of

Accordingly, it is an object of the present invention octahedral SnF6- -. The vibrational spectra of
to provide higher performing solid propellant NF3 -F2  (NF4)2 SnF 6 and their assignments are summarized in

gas generator compositions. Table Ill.
Another object of the present invention is to provide 20 EXAMPLE II

self-clinkenng NF4 + compositions capable of generat-
ing Lewis acid free NFi and F2. A mixture of NF4BF4 and SnF4 (9.82 mmol each) was

Another object of the present invention is to provide placed into a passivated Teflon-FEP ampoule contain-

processes for the production of self-clinkering NF 4
+  ing a Teflon coated magnetic stirring bar. Anhydrous

compositions. 25 HF (10 ml liquid) was added at -78" C., and the result-

These and other objects and features of the present ing suspension was stirred at 25" C. for 2 hours. The

invention will be apparent from the following examples. volatile material was pumped off at 35" C. leaving be-

lt is understood, however, that these examples are hind a white stable solid which, on the basis of its

merely illustrative of the invention and should not be weight (3.094 g) and Raman spectrum, consisted of 83

considered as limiting the invention in any sense. 30 mol percent N 4 SnF5 and 17 mol percent unreacted
starting materials. The HF treatment was repeated

DETAILED DESCRIPTION OF THE (again for 2 hours) and the non-volatile residue (2.980 g.
INVENTION weight calcd for 9.82 mmol of NF4SnF5=2.982 g) was

EXAMPLE I shown by infrared, Ranan. and 19 F nmr spectroscopy
c i to be essentially pure NF 4 SnFs. Anal. Calcd for

Metathetical reactions were carried out in an appara- NF4SnFs: NF3, 23.38; Sn, 39.08. Found: NF 3, 23.6; Sn.
tus consisting of three Teflon FEP U-traps intercon- 38.7.
nected by Monel unions and closed off at each end by a TABLE II
Monel valve. The union between trap II and trap Ill X-RAY POWDER DATE FOR (NFg),SnF'
contained a Teflon filter and was held in place by a
press fit. The passivated apparatus was taken to the dry 40 d obsd d calcd In It k I

box and Cs2SnF6 and NF4SbF 6 (in a 1:2 mole ratio) 6.27 6.36 w I I I
.67 5.70 vs 002

were placed into traps I and II. respectively. The appa- 4.9 5.04 vw 02
ratus was connected to the vacuum line through flexible 3.67 369 I 2 I 2
corrugated Teflon FEP tubing. Anhydrous HF, in an 43.55 3.59 1 0 3

amount sufficient to just dissolve the starting materials, 3.42 3.42 3 i 0

was added to traps I and II. Trap I was flexed to allow 2.831 2.851 ,. 004
the Cs2SnF 6 solution to run into trap II containing the 2.492 2490 m 3 3 1

NF4 SbF 6 solution. Upon contact of the two solutions, 2.347 2.356 w 3 2 3

copious amounts of a white precipitate (CsSbF 6) S 2.230 2.229 s 4 22
cpus2.120 2 123 MIN 5i 0

formed. The contents of trap 11 were agitated for sev- 2.023 2.024 mw 0 2

eral minutes to obtain good mixing. Then the apparatus 1.9I i.% w 404

was inverted to allow the solution to run onto the filter. 1.917 1.914 m 440

To generate a pressure differential across the filter, trap 1832 1 MIN 503
I 34 1.32 IN 5 3 1

III was cooled to -80" C. After completion of the 55 ;.83 1.814 mw 442
filtration step, trap Ill was warmed to ambient tempera- [763 1765 vw 5 3 2

ture and the HF solvent was pumped off. The solid 1712 1 712 W 620
of.1686 1.686 m 5 40.306

residue on top of the filter consisted mainly of CsSbF 6, I i68 3 61 662 1 662 M 1 1 6

whereas the solid collected in trap Ill was mainly the 1616 1614 mw 6 3 0
desired (NF 4)2SnF6. 60 1.570 I 570 mw 5 0 5

The following example gives a typical product distri- 1.500 1.501 Mw 640I 3q7 1 396 my 64

bution obtainable with the above procedure and appara- 1 387 I 386 %n 6 5 0
tus. Starting materials: NF4SbF 6 (9.72 mmol), Cs2SnF6 1359 1 359 mw 7 06,5 4 5

(4.86 mmol); weight of solid on filter= 4.24 g; weight of 1331 mw

solid in trap III - 136 g (weight calcd for 4.86 mmol of 65 1 114 Mw

(NF 4)2SnF 6 -=2.01 g). Elemental analysis for solid from 1211 %1231 v

trap Ill. Found: NF ) , 31.5; Sn, 25.1; Sb, 5.9; Cs, 1.3. '12 mW

Calculated analysis for a mixture (mol %) of 82.8 t12 %

I00M . 1 4M C , (Ie
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TABLE III EXAMPLE IV
VIBRATIONAL SPECTRA OF SOLID (NF4hSnF6 The metathetical synthesis of (NF4hTiF6 from Satu-

Otad Freq (cm-1) rated HF solutions of NF 4SbF 6 (10.00 mmol) andad
R1 In1 Amianmena (PoEn Oroun) Cs2TiF6 (5.00 mmol) was carried out in the apparatus

described in Example I for the synthesis of (NF4)2SnF 6 .IR Raman NF4
+ (T4) SnF,--(O*) After combination of the solutions of the two starting

1224 mw 2V4(Al+ E + p2) materials at room temperature and formation of a1160 vs. 1158 (1.5) v3 (F2)1132 sl + v3(FI, CsSbF6 precipitate, the mixture was cooled to -78" C.

109 +,(and filtered. The volatile materials were pumped off at
1039 VW Z + v4 (F1 + F) 1050" C. for I hour. The filter cake (3.85 g) was shown by
1026 vw 2v(A + v (F + F2) its x-ray powder diffraction pattern and vibrational
834 vvw 853 (00) vi (AI) spectroscopy to be mainly CsSbF 6 containing, due to
63 mw 61.(50) the hold up of some mother liquor, a small amount of

605 mw 607 (1.5) v 4 (Fz) 15 (NF4) 2TiF. The filtrate residue (1.55 g, weight calcd
579 (s.3) V, (All) for 5 mmol of (NF4)zTiF 6 = 1.71 g) had the composition

550 v L (FI) (mol%): 88.5 (NF 4)2TiF 6 and 11.5 CsSbF 6. Found:
470(0+) b. v2 (E,) NF 3, 36.2; Ti, 12.21; Sb, 4.11; Cs, 4.4. Calcd for a mix-
449 (3.1) ture of 88.5 (NF4)2TiF 6 and 11.5 CsSbF 6: NF3, 36.43;

442 (2.9) ) P2 (E) 20 Ti, 12.29; Sb, 4.06; Cs, 4.43. Based on the observed
251 (3 3v , (F2,) Raman spectrum, the composition of the filtrate residue
14 (0.3) Lattice Vibration was estimated to be 9C (NF4)2TiF 6 and 10 CsSbF6, in

good agreement with the above elemental analysis.

NF4SnFs is a white, crystalline, hygroscopy solid, (NF 4 )2 TiF6 is a white, crystalline, hygroscopic solid,
stable at room temperature and decomposing above 25 stable at room temperature, but decomposing above
200" C. Its characteristic x-ray powder pattern is listed 200' C. Its characteristic x-ray powder pattern is listed
in Table IV. in Table VI. TABLE V

TABLE IV VIBRATIONAL SPECTRA OF SOLID NFSnFt
X-RAY POWDER DATA FOR NF4SnFs 30 Obtd Freq (cm- 

1
) and Rel

d obsd Ine d obsd Int Intens

7.72 mw 2.571 mw NF4SnFs Amignmentu (Point Group)
6.32 v1 2.519 vw IR Raman NF4+(Td)
5.69 w 2.276 W 

1
222 mw 2v4 (A I + E + F2 )

529 w 2.146 W 1168(0.4)
4.51 m 2.064 n1 35 1165 vs 1159(0.8) V3 (F2)
4.19 m 1.965 mw 1150 sh
3.80 vs 1.929 W 1134 wsh
3.46 m 1.820 m 061 w
332 m 1.780 mw V2 i + V4 (FI + F2 ).
3.17 mw 1.757 mw 104w W
2.68 w 1.732 mw 40 811 (0.2) 2u2 (A + A2 + E)
2.802 w 1.700 mw 850 WV 851 (10) vI (At)
2743 m 1.661 VW 6

3
5 vs

2.683 w 1.639 w 622 (9.2)
1.615 W 605 mw 606 (3.3) V4 (F2)

575 vs

its ionic structure, i.e., presence of NF4+ cations, was 59 74 (0.0)559 w, sh 538 (2.0)
established by its 19F nmr spectrum in BrF5 solution. In 490 m 490(0+)
addition to the solvent lines, it showed the triplet (see 458 m
above) at 4= -220, characteristic of NF 4 +. Two reso- 448(2.5)
nances were observed for SnFs- at 4= 145.4 and 162.4, 54(2.3: V2 (E)

respectively, with an area ratio of 1:4. At -20" C. the 272(0.6)
resonances consisted of broad lines, but at lower tem- 247 (1.4)
peratures the 4= 162.4 signal showed splittings. Based 222 (1.1)
on a more detailed analysis of these data, the SnFs- 197 (0.6)

anion appears to have a diameric or polymeric struc- 154 (0+)

ture. The vibrational spectrum of NF 4SnFs is listed in 55 135(0.2)

Table V and again establishes the presence of discrete TABLE VI
NF 4 + cations. X-RAY POWDER DATE FGR (NF 4)2TF 6 _

EXAMPLE III d obsd d calcd Inc h k I
When a mixture of NF 4 BF 4 and SnF4 in a mol ratio of 60 6.23 626 vw iI

5.57 5.56 vs 0 2
2:1 was treated 8 times, as described in Example II, with 493 4.93 w 02
liquid HF for a total of 35 days, the resulting non- 3.49 3.50 s 10v 3
volatile residue consisted mainly of NF4SnF5, unre- 2.9 23 Ms 2 132 94 2 93 m,

acted NF 4 BF 4, and only a small amount of (NF4)2SnF 6. 65 2.782 2778 I m 004
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TBEVI-continued fluorotitanate (IV) anion (probably Ti6Fzs-5 having is

X-RAY POWDER DATE FOR (NF4)2TIF60 strongest Raman line at 784 cm . During the next two
d obsd d calcd mIn h kt I heating cycles (190'-I95 C. for 14 days and 180* C. for

2,465 2.463 W 3 31 35 days) the solid gained 149 and 41 mg, respectively, in
2.315 2.319 mw 3 2 3 5 weight. The vibrational spectra did not show any evi-
2 201 2.200 a 4 2 2 dence of unreacted TiF4. and the relative intensities of
2 100 2.101 w 51I0 the bands due to NF 4 + had significantly increased.

990 1 990 vw 5 20.502 Furthermore, the 784 cm - IRaman line had become by
18992 1.894 mn 440
1.709 1 789 mw 600.44 2 far the most intense Raman line. Additional heating to
1.663 1.664 mw 22 6 10 230* C. for 3 days did not result in significant changes in
1 641 1,644 m1w 3 06 either the weight or the vibrational spectra of the solid

*,imoa.a- 10O?1SA.e - i1 114A, Cu Ka r-.tanN, iter Based on the observed weight increase and on the lack
or %ptwitrno(ipic evidlence for the presence of lower

Its ionic structure, I.e. thre presence of discrete NNP4 polypei tluort'titiate (IV) anions, lic solid product
cations and TiP6 - - anions was established by 19F nmr 15 appears to have the approximate composition
and vibrational spectroscopy. The 19F nmr spectrum NF4Ti6F 25 (calcd weight increase, 205 mg; obsd weight
showed the triplet at 41= -220, characteristic for increase 198 mg).
NF4 + as shown above, and the characteristic TiF6 _ -
signal at 0 = - 81.7. The vibrational spectra are listed in EXAMPLE VI
Table VII. 20 Displacement reactions were carried out either in HF

TABLE VII solution at room temperature or by heating the starting

VIBRATIONAL SPECTRA OF SOLID (NF4)2 TiF6 materials in the absence of a solvent in a Monel cylin-
Obsd Freq (cm - 1) and der. For the HF solution reactions, the solid starting

Ret minens - Assignments (Point Group) materials (6 mmol of NF4BF 4 in each experiment) were
IR Raman NF4'(Td) Ti F6 (OA) 25 placed in a passivated Teflon PEP ampoule and I5 ml of

1219 mw 2V4(Aj + E 4 F2) liquid anhydrous lIP was added. The mixture was
1160 vs 1158 (14) stirred with a Teflon coated magnetic stirring bar at
1132 sh~vw u3(F2) room temperature for a given time period. The volatile
1060 vW V2 + V4(Fi + F2) products were pumped off at 50* C. for 3 hours and the
1021 w

910 VW v + v4(Fj.) 30 composition of the solid residue was determined by
883 (0.0) 2v2(A1 + A2 + E) elemental and spectroscopic analyses and from the ob-

850 sh,vw 853 (10) t,1(A2 ) served material balances.
6WM W 62() v( The thermal displacement reactions were carried out

61 w 617 (5sh (2 in a prepassivated 90 ml Monel cylinder which was
601 (8.0) vi(Aig) 35 heated in an electric oven for a specified time period.

563 vs v01F.) The volatile products were separated by fractional con-
452 vw 450 (3.3) 442 (.6) z(E)densatioti in a vacuum line, measured by PVT, and

289 (8.2) Y05(28) identified by infrared spectroscopy. The solid residues
107 (0+) were weighed and characterized by elemental and spec-
86 (2) Lattice Vibrations 40 troscopic analyses. The results of these experiments are

summarized in Table Vill.

Results from the Displacemeni Reactions heisseen NF48F4 and TiF4

Reactants (niol) Rea~tion C.'ndiiions F'rodu.o (mol)

NF4BF 4I6), untreated TiF4(6l HF. 24' C. 19h SF47i +sK41. NFaBFa4i4
NF4tIF4(6). untreated TiF4) 2) HF. 24' C . 12h SP aii'F.()
NF4BFa(6), prefluor T&F4(6) HF. 2.8 C. 138h HFa1i 1F0 (- 2). NF4BF 4( -4).

small amount of NF4T12F9
NF 4BF4(6). prefluor T+ 4 0t2) ti F 24' C. 96h NFaTPi(4). NF4BF,4 2I.

NF4BF 4(6), untreated TiF'4(1 190' (C. 18h NF4 i,,Fq(- 3). NFi( - 3). BF3(-6).
small amounts of NF411F 4 and NF4TiFi%

NF 4 BF4(6). untreated liF4(6) 160' C . 60h NF 4TtiFj%(2). NF4 BF 4(I 4), NF026).
OtF1(46t)

NF4BF4(b). prefluor T.F 4I6) 17(1' C, 20h NFari2Fq(3(, NF411F 40 ), BF3(3)
NF4BF 4(6), prefluor T&40l2) 170' C.. 20h S 4 fai +,(3 t)), NF4 riFi Ill 6).

ItF(5 4). NF49Fa0O o)
NF4111F4(6), prefluor TiF4iI2) 1701' C. 192h NF4 TtiF 9(t), 8F(0)

EXAMPLE V Obviously, numerous variations and modifications

TiP4 (11.3 mmol), NP3 (200 mmol). and P2, (200 may he mtade without departing from the present inven-
.mmol) were heated in a passivated 90 ml Monel cylin- 60 lion. Accordingly, it should be clearly understood that

der to various temperatures for different time periods, the formis of the present invention described above are
After each heating cycle, the volatile products were illustrative only and are not intended to limit the scope
temporarily removed and the progress of the reaction of the present invention.
was followed by determining the weight gain of the We claim:
solid and recording its vibrational spectra. Heating to 65 1. A compound for use tn an improved NF3-F 2 , gas
200' C. for 3 days resulted in a weight gain of 8 mg and generator. said compound havitng the general compost
the vibrational spectra showed mainly unreacted T+F4  lion (NF4' ),A' -wherein A, is dertved from Tid
in addition to a small amount of NF4 *and a polyper- and is self-cltnketing

B13-5



4,152,4069 10

2. A compound for use in an improved NKF-F2 gas S. A compound for use in an improved NF 3-F2 gas

generator. said compound having the general compo- said compound having the general composi-

tion (NF4+)A,* wherein An- is TiF - - and ismself- tion (NF4).+Am
- , wherein A4- is Ti6F2 5 - and is self-

cineriong +eclinkering.
clinkering. 5 6. A process for the production of NF4+TiF5 -.

3. A compound for use in an improved NF)-F2 gas nTiF4, comprising the steps of treating NF4BF 4 with

generator, said compound having the general composi- TiF4 in anhydrous HF solution at room temperature.

tion (NF 4+)nA"-. wherein An- is Ti 2F9- and is self- 7. A process for the production of NF4+TiF 5 -.

clinkering. nTiF4, comprising the step of treating NF4BF 4 with

4. A compound for ue in an improved NFJ-F2 g TiF4 at temperatures ranging from 150" to 200" C.
S. A process for the production of NF 4Ti 6 F25 , com-

generator, said compound having the general comPom- prisminS the step of heating a mixture of NF3. F2 and

lion (NF4
+ ).A" -, wherein A n- is TijFIj- and is self- TiF 4 to 170' C. to 200" C. at elevated pre.uure.

clinkering. 0 0 *

20

25
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United States Patent v19 [111 4,163,773
Christe et al. 145) Aug. 7, 1979

1541 SELF-CLINKERING BURNING RATE 3.981.756 9/1976 Gozmer, Jr ......................... 423/462
MODIFIER FOR SOLID PROPELLANT 4,001.136 1/1977 Channell c al .a..................... 252/117
NF)-Fz GAS GENERATORS FOR CHEMICAL OTHER PUBLICATIONS
HF-DF LASERS

Christe et al., Novel and Known NF4+ Salts. Inorg.[75] Inventors: Karl 0. Christe. Calabasas; Carl J. Chem.. vol. 15. No. 6. 1976. pp. 1275-1282.Schack, Chattsworth, both of Calif. Christe et al., Synthesis and Characterization of
(731 Assignee: The United States of America as NF 4BiF6 and Properties of NF4SbF6. Inorg. Chem. vol.

represented by the Secretary of the 16. No. 4, pp. 937-940. 1977.
Navy. Washington. D.C. Christe. Synthesis and Characterization of (NF 4)2NiF&

(211 Appl. No.: 970,775 Inorg. Chem. vol. 16, No. 9, 1977, pp. 2238-2241.

[221 Filed: Dec. 18. 1978 Primary Examiner-O. R. Vertiz
Assistant Examiner-Thomas W. Ray

1511 lot. C13 .............................................. COIB 21/18 Attorney. Agent. or Firm-R. S. Sciascia; W. Thorn
[521 U.S. C1 ..................................... 423/351; 423/462; Skeer; L.E.K. Pohi149/1 19 [7(581 Field of Search ....................... 423/351 ,462, 466; (57) ABSTRACT

149/19.3, 119 N2F3SnF s is formed by reacting N2F3SbF6 and

f56] References Cited Cs2SnF 6 in the presence of HF. N2FSnF3 is useful as a

U.S. PATENT DOCUMENTS component of NF 3-F2 gas generating compositions.

3,990,5 9/1976 Lubowilz et al .C................... 423/462 2 Claims, No Drawings
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4,163,7731 2
ized with N2 F4 (I atm). A gradual decrease in the pres.

SELF-CLINKERING BURNING RATE MODIFIER sure was noted due to uptake of N2F 4. Periodic cycling
FOR SOLID PROPELLANT NF 3 -F2 GAS to below 0" C. seemed to increase the rate of N2 F4

GENERATORS FOR CHEMICAL HF-DF LASERS uptake. After several hours the unreacted N2 F4 and HF
3 solvent were pumped off at 40" C. until constant weight

BACKGROUND OF THE INVENTION was achieved. The obstrved weight gain corresponded

I. Field of the Invention to the reaction of 12.1 mmol of N2F4. When the reaction

This invention relates to a composition of matter was repeated on a larger scale with 8 ml HF for 3 days,

which is useful in NF3-F 2 gas generator formulations. it was found that 74.0 mmol of SbFs reacted with 73.5

2. Description of the Prior Art 10 mmol of NZF 4 to give 23.66 g of N2 F3SbF 6 (weight

In the recent past, certain new self-clinkering NF4
+  calcd for 74.0 mmol of NZF)SbF6 23.74 g), which was

salts have been synthesized. Among these are characterized by 19F NMR and vibrational speciros-

(NF 4)zSnFe. NF 4 SnF5 . (NF4) 2TF6. NF 4TiF9 , copy.

NF 4Ti)Fij. NF4Ti6 F 25 and (NF 4 )2NiF6. When such To produce the salt of this invention, N 2FjSnFs. one
self-clnkering salts are utilized as oxidizers and com- 13 utilizes N2 F3SbF6 obtained from Example I and

bined with a fuel such as aluminum, NF 3 gas, F2 gas and Cs2 SnF6 and carries out the p~ocedure set forth in the

solids are produced when the combination is burned, following example.
The gases are useful as lasing materials. The fact that EXAMPLE 11
solids or "clinkers" are produced is important in that it
overcomes a disadvantage present when, for example 20 Solid NjF 3SbF 6 (6.43 mmol) and Cs 2SnF 6 (3.24

NF 4BF 4 is used as the oxidizer. When NF 4 BF 4 is used, mmol) were placed in a well passivated (with CIFj)
NF 3. F2 and another gas, BF 3, are produced. The gase- Monel vacuum line equipped with Teflon-FEP U traps
ous BF3 is not useful as a laser material and acts to and diaphragm values. Approximately 2 ml of anhyrous

deactivate the laser. By producing a solid or "clinker" HF was added. After stirring and shaking vigorously
instead of gases other than NF3 and F2. the self-clinker- 25 for 30 minutes at room temperature, some of the HF
ing salts overcome this problem. was removed under vacuum and the mixture was

Frequently, formulations containing NF 4
+ salts re- cooled to -78" C. The solid and liquid phases were

quire burning rate modifiers. Typically. N 2F3
+ salts separated by pressure filtration and the volatile prod-

which are more reactive than NF 4
+ salts can be used. ucts were removed by pumping at 25" C. for 15 hours.

However. insofar as is known from the prior art, no 30 The volatile material was separated by fractional con-
self-clinkering N 2F 3

+ salts are available. sideration and consisted of the HF solvent and N2F4
(3.2 mmol). The filtrate residue (0.3 g) was analyzed by

SUMMARY OF THE INVENTION means of vibrational and NMR spectroscopy and

According to this invention, a self-clinkering N 2F3+ shown to be N 2F 3SnF,.
salt which is useful as a burning rate modifier has been 35 When N 2F3SnF 5 is combined with a fuel such as
prepared. The salt has the formula N 2F 3SnF5 .Synthesis aluminum and burned NF 3 gas. F2 gas, N 2 gas and a
is accomplished by means of a reaction between soid are obtained. (Since N2 is normally used as an inert
N 2F3SbF 6 and Cs2SnF 6 in HF. Insofar as is known by diluent its formation does not degrade the performance
the inventors, the salt of this invention is the first self- of a laser.) Thus N 2F3 SnF 5 is self-clinkering. That is. a
clinkenng N 2F3 + salt ever produced. non-gaseous product (the solid or "clinker") rather than

a gaseous product (such as the BF 3 produced when
DESCRIPTION OF THE PREFERRED NF4BF4 is burned) results upon burning of N2 F3SnF 5 .

EMBODIMENT In addition, the useful gases NF 3 and F2 (and N2) are

The salt, N 2F3SbF6, may be prepared according to produced. Insofar as is known by the inventors,
the procedure set forth in the following example 4 N2 F3SnFs is the only self-clinkering N2F3+ salt that has

ever been produced to date.
EXAMPLE I What is claimed is:

Synthesis of N 2F3SbF 6. A Teflon amplule, containing 1. N 2F3SnF5.
a Teflon coated magnetic stirring bar and equipped with 2. A method for preparing N 2F3SnF5 comprising the
a stainless steel valve, was loaded with 14.4 mmol of 5 steps of:
SbFs in a glovebox. The ampule was then attached to a forming a solution of N 2F3SbF 6 salt and Cs2SnF6 salt
vacuum line and 2 ml of anhydrous HF was condensed in HF;
into the ampule at -78" C. while starring and warming allowing the salts to react.
to ambient temperature. The system was then pressur- 55 5 5 •
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United States Patent ol91 4,163,774
Schack et al. (451 Aug. 7, 1979

[54) N2F3SBF6 AND ITS PREPARATION OTHER PUBLICATIONS
1751 Inventors: Carl J. Schack, Chattsworth; Karl O.

Mhriste, Calabasas, both of Caif. Christe ct al., Novel & Known NF4+ Salts. inorg.
Chem., vol. 15, No. 6, 1976, pp. 1275-1282.

1 731 Assignee: Th United States of America as Christe et al.. Synthesis & Characterization of NF 4BiF6
represented by the Secretary of the and Properties of NF4SbF., Inorg. Chem. vol. 16, No.
Nsvy, Washington, D.C. 4, 1977, pp. 937-940.

(21) Appl. No.: 964,025 Christe, Synthesis and Characterization of (NF4) 2NiF 6.

221 Filed: Nov. 27, 1978 Inorg. Chem. Vol. 16, No. 9, 1977, pp. 2238-2241.
Primar Filed:r-O R.v V7, 19

[51] Int. CU' .................... COIB 21/18 Pimary Examiner-O. R. Verti o
(521 U.S. CI ..................................... 423/351; 423/462; Assistant Examiner-Thomas W. Roy

149/119 Attorney Agent, or Firm-R. S. Sciascia; W. Thorn

[581 Field of Search ....................... 423/351,462, 466; Skeer; L. E. K. Pohl

149/19.3, 119 [571 ABSTRACT

[56) References Cited NZF 4 and SbF5 react in anhydrous HF to produce

U.S. PATENT DOCUMENTS N2F 3SbF 6. The salt is useful as a burn rate modifier in

3.980.509 9/1976 Lubowitz ct al .................... 423/462 NF3-F 2 gas generators.

3.981,756 9/1976 Gotzmer, Jr ......................... 423/462
4,001.136 1/1977 Channell et al ...................... 252/187 3 Claims, No Drawings
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vacuum line and 2 ml of anhydrous HF was condensed
N2F3SBF 6 AND ITS PREPARATION into the ampule at -78" C. while stirring and warming

to ambient temperature. The system was then pressur-
BACKGROUND OF THE INVENTION ized with N2F4 (I atm). A gradual decrease in the pres.

1. Field of the Invention 5 sure was noted due to uptake of NzF4. Periodic cycling
This invention relates to the salt N2F)SbF6 and to its to below 0' C. seenied to increase the rate of N2F 4

preparation. uptake. After several hours the unreacted N2 F4 and l IF
2. Description of the Prior An solvent were pumped off at40 C. until constant weight
The use of solid compositions to produce flu,"rine and was achieved. The observed weight gain corresponded

NF3 for chemical lasers is known. For example, Pilipo- 10 to the reaction of 12.1 mmol of N 2F4. When the reaction
vich in U.S. Pat. No. 3,963,542, describes such a compo- was repeated on a larger scale with 8 ml HF for 3 days,
sition. The need for burn rate modifiers for solid gas it was found that 74.0 mmol of SbF5 reacted with 73.5
generating compositions is also well known. mmol of N 2F4 to give 23.66 g of N 2F 3SbF6 (weight

cacd for 74.0 mmol of N 2F 3SbF 6 23.74 g), which was
SUMMARY OF THE INVENTION 15 characterized by '9F NMR and vibrational spectros-

According to this invention, a salt that is useful as a copy.
burn rate modiifier for NF3-F2 gas generators is pro- Test. in which small amounts of N 2F3SbF 6 were
vided. The salt is a fluorine containing salt having the incorporated into aluminized NFj-F2 gas generator
formula N 2F3SbF6 and is prepared by reacting N 2F4  compositions showed that the salt was effective as a
and SbF 5 in anhydrous HF. Insofar as is known by the 20 burn rate modifier.
inventors. N2F3SbF6 has not been previously synthe- What is claimed is:
sized. 1. The salt having the formula:

DESCRIPTION OF THE PREFERRED NIF3SbFj.
EMBODIMENT 25

The preparation of the salt of this invention is illus- 2. A method for preparing the salt having the formula
trated by the following example. N2 F3ShF 6 comprising the steps of:

forming a solution of N2F4 and SbFs in anhydrousEXAMPLE 30 HF; and

Synthesis of N 2F 3SbF6. A Teflon ampule, containing reacting the N 2F4 and SbF5 at room temperature.
a Teflon coated magnetic stirring bar and equipped with 3. A method according to claim 2 wherein the HF
a stainless steel valve, was loaded with 14.4 mmol of solvent is removed by distillation.
SbF5 in a glovebox. The ampule was then attached to a * * *
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United States Patent ti ill 4,172,881
Christe et al. [45j Oct. 30, 1979

(54] DISPLACEMENT REACTION FOR (58] Field of Search ....................... 423/301, 293. 351;
PRODUCING NF4PF6 149/119

(75] Inventors: Karl 0. Ch , ste, Calabasas; Carl J. [56] Refeence Cited
Schack. Chatsworth, both of Calif. PUBLICATIONS

(73] Assignee: Rockwell lateruallomai Corporation, Christe et al., Annual Report-Inorganic Halogen Oxi-
El Segundo. Calif dizer Research, 1/26/76, rp A-I to A-4, A-10 to

[211 Appl. No.: 549,377 A-IA, A-25. Cover Paie.

Primary Examiner-O. R. Vertiz
122] Filed: Now. 7, 1977 Assistant Examiner-Thonas W. Roy

Attorney Agent. or Firm-L. Lee Humphries; Robert M.

Related US. Apication Data Sperry
[631 Continuation-in-part of Set. No. 732.275, Oct. 14, 1976. [571 ABSTRACT

abandoned. A method of producing NF4PF6 by a displacement

[511 Int. C1.2 .............................................. COIB 25/10 reaction between NF 4BF4 and PF5.
[52] U.S. Cl ..................................... 423/301; 423/351;

149/119 1 Clam, No Drawings
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1 4,172,881 2
unreacted PFs (37.93 mmol). The white solid residue

DISPLACEMENT REACTION FOR PRODUCING had gained 120 mg in weight. Based on the above mate-
NF 4PF6  rial balance, the conversion of NF 4 BF4 to NF 4 PF 6 was

essentially complete. This was further confirmed by
The invention herein described was made in the s vibrational spectroscopy which showed the solid to be

course of or under a contract or subcontract thereun- NF 4PF6 containing no detectable amounts of NF 4BF 4.
der. (or grant) with the United States Navy. The salt NF 4PF 6 is a white, crystalline, hydroscopic

CROSS-REFERENCE TO RELATED solid, stable at room temperature, but rapidly decom-
APPLICATIONS posing at 245" C. Its characteristic x-ray diffraction

10 powder pattern is listed in Table 1. Its vibrational spec-
This application is a continuation-in-part of Ser. No. trum is listed in Table II and establishes the ionic nature

732,275 filed Oct. 14, 1976. and abandoned Dec. 3, 1977, of the salt, i.e. the presence of discrete NF 4 + cations

and 'F6 - anions. This was further confirmed by 19F
BACKGROUND OF THE INVENTION nmr spectroscopy in HF solution which showed the

1. Field of the Invention 15 triplet (JNF=-2 30 Hz at .=-217) characteristic for

This invention relates to methods of producing com- NF 4+.

- positions and is particularly directed to a method of TABLE I
producing NF 4PF6 by a displacement reaction between X-RAY POWDER DATA FOR NF4PF6

a

NF 4BF4 and PF5. 20 d obsd d calcd Int h k 1
2. Description of the Prior Art 540 3.36 I 10
NF4+ salts are the key ingredients for solid propel- 4 53 202

lant NF 3-F 2 gas generators, such as that disclosed by 391 3.89 Vs I I I
D. Pilipovich in U.S. Pat. No. 3,963,542, for chemical 3.79 3.79 $ 200
HF-DF lasers. Whereas NF4SbF 6 and NF 4AsF 6 can be 2.91 2.91 ms 211
prepared with relative ease, according to the methods 2.65 2.65 n 1 0 2
taught by W. . Tolberg et al, in U.S. Pat. No. 2.40 240 vw 3 to

2.307 2.303 m 3 01

3.708,570, and K. 0. Christe et al, in U.S. Pat. No. 2204 2.205 VW 3 I
3,503,719, these compounds suffer from the disadvan- 2.171 2.171 mw 2 : 2
tage of containing a relatively heavy anion, thus de- 1.882 1.883 ms 302,003
creasing their performance in an NF 3-F 2 gas genera- 30 1.825 1.827 vW 3 1 2.1 03
tot. This disadvantage can be overcome by replacing 1.744 .785 w 3 30
the SbF 6- or AsF6- anion by the lighter PF 6 - anion. n.e85 1.685 w 3 2 2.203
The existence of this salt has previously been claimed i.646 1.646 w 2 1 3
by Tolbert et al in U. S. Pat. No. 3,708,570, but their 1.622 1.622 w 4 2 1
production process was so inefTicient that they could 35 1.56 1.540 ,W 412
not isolate an amount of material sufficient for its isola- 1.464 1.486 vw 52 02.464 2.463 vw 3021
tion, identification and characterization. 1437 1.437 w 5 I1

1.408 1.407 VW 5 2 0BRIEF SUMMARY AND OBJECTS OF THE t."65 1.365 vw 5 20.14

INVENTION 40 1.333 1.335 w 50 2
1.318 1.319 vw 440

.This problem of synthesizing NF 4PF 6 is overcome by 1.302 1.304 VW 2 1 4
the present invention. The method of the present inven- 1.259 1.239 w 4 2 3
tion involves a displarement reaction between the .214 1216 w 6 It
readily available NF 4BF 4 and PF5 according to: 4 r5 m..so-,l. s = 7 577, = 5 653A, cu K, rad,.bon N, fili,4S

NF4BF4 + PFs-NF4 PF6 + BF3  TA1LE 11

Applicants have found that the displacement reaction VIBRATIONAL SPECTRUM OF NF 4PF6

can be carried out at any temperature above the melting Obad Frequency (cm- 1)
point of PF (-94' C.) and below the decomposition 50 Ir Raman Assignments for NF4+(Td)
temperature of NF4PF 6 (above 245" C.). Moreover, the
pressure is not essential and is given by the reaction 2380 vw 2v3(AI + E + Fz) = 2320
temperature (that is, the vapor pressure of PF,). 2320 w )

This method provides NF 4PF 6 of high purity. 2005 w V1 + vt(F2) - 2008
Accordingly, it is an object of the present invention 55 1765w V3 + V4 (AI + E + FI) = 1769

to provide an improved process for the production of 1457 w v1 + v4(F2) 1457
NF 4PF6. 1221 mw 2V4(A1 + E + F2) = 1218

This and other objects and features of the present 1166 w, 1168(t.3) vtFz
invention will be apparent from the following examples. I1I 5Q0 8)

60
DETAILED DESCRIPTION OF THE 1135 vw

INVENTION 1056 vw v2 + v,(Ft + F2) = 1049
8"00.2) 212(Al + A2 + E) = 820

In a typical experiment, pure NF 4BF 4 (2.07 mmol) 849(8.2) vi(A0
was combined at - 196" C. with an excess of PF3 (40.01
mmol) in a 10-ml 316 stainless steel cylinder. The mix- 65 611 m W4
ture was kept at 25" C. for 64 h. The volatile materials ) 60974) vt(F 2)

were removed in vacuo and separated by fractional 608 m
condensation. They consisted of BF3 (2 05 mmol) and 441(29) v2(E)

EE-2
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TABLE II-continued TABLE ll-continued
VIBRATIONAL SPECTRUM OF NFPFL VIBRATIONAL SPECTRUM OF NF 4PF6

469(9.2) vS(F2,)

Asaignments tor PF6- (Oh) Obviously, numerous variations and modifications

190 w Yl + v3(F,) - 1590 may be made without departing from the present inven-
1414 w vz + (Fti, + F.) -1413 tion. Accordingly, it should be clearly understood that
t30 vw v + v,(FI,) 1307 10 the form of the present invention described above is

illustrative only and is not intended to limit the scope of
842 vs the present invention.

83841.3) v3(Fl.) We claim:
789w W I. A process for the production of NF 4PF6 character.

15 ized by combining NF4BF 4 with an excess of PFs at
749w 748(10) vi(AI) above about - 196' C., reacting the reactants while

571(0.8) ,(E S) warming the reaction system to a temperature less than
559s v4(Fi,) about 25" C. and removing the volatile reaction prod-

ucts by pumping.
474 vw ) 20 S S 5S

25

30

35

40

45

50

55

60

65
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4,172,884 2

BRIEF SUMMARY AND OBJECTS OF THE
SELF-CLINKERING NF4+ COMPOSITIONS FOR BN DN OB

NF 3-F2 GAS GENERATORS AND METHOD OF
PRODUCING SAME The above described problem of obtaining a Lewis

5 acid free NF3-F 2 gas stream from NF4+ compositions
The invention herein described was made in the without clinker forming additives is overcome by the

course of or under a contract or subcontract thereun- present invention. We have found that NF 4 + salts, de-
der, (or grant) with the United States Navy. rived from the polymeric non-volatile Lewis acids

SnF4 (subliming at 704" C.) and TiF 4 ( atm vapor pres-
CROSS-REFERENCE TO RELATED 10 sure at 284" C.1 can be prepared. The lack of acidity of

APPLICATIONS SnF 4 at temperatures, at which NF4+ salts can be

This application is a division of Ser. No. 734,153 filed formed and exist, was demonstrated. It was shown that
Pat. No. 4,152,406 mixtures of NFi, F2, and SnF4, when heated to temper-ct. 20. 76, and now U.S. P.oatures of up to 300" C. at autogenous pressures of about

BACKGROUND OF THE INVENTION 15 150 atm, did not show any evidence for NF4 + forma-l. Feldof he Iveniontion.
1. Field of the Invention tSince a direct synthesis of an NF 4

+ salt derived from
This invention relates to compositions of matter and SnF 4 was not possible, we have studied metathetical

methods of producing the same and is particularly di- and displacement reactions. Because SnF 6- -- salts are
rected to improved solid propellant NF 3-F 2 gas gener- 20 stable in anhydrous HF, the metathetical and displace-
ators derived from self-clinkering NF 4

+ salts, together ment reactions were carried out in this solvent. The
with methods for producing such gas generators. following methathetical reaction

2. Description of the Prior Art
NF 4 

+ salts are the key ingredients for solid propel- 2NF4SbF 6 +Cs 2SnF 6 HF!!

lant NF 3-F gas generators, as shown by D. Pilipovich 25 2CSbF 6 i +(NF 4)2SnFb

in U S. Pat. No 3,963,542. These propellants consist ofa hihlyove-oxiize grm usng F4 salt asthe was carried out. It resulted in the precipitation of the
a highly over-oxidized grain using NF 4 + salts as the rather insoluble salt CsSbF 6. while the soluble
oxidizer. Burning these propellants with a small amount (NF4)2 SnF6 remained in solution. The two products
of fuel, such as aluminum powder, generates sufficient ' (NF4resparaed n slution. The wopout
heat30 were separated by a simple filtration step. The composi-tion (in mol%) of the crude product was: (NF4)2 SnF6,
This is shown for NF 4IBF 4 in the following equation: 83; NF 4SbF6, 13; CsSbF6 , 4. The purity of this product

can be easily increased by following the procedures
NF,8-, -NFj I-2, BF1  outlined for NF 4 BF4 in our co-pending application Se-

As can be seen from the equation the gaseous combus- 35 rial'No. , filed
tiocn beoducsennfr the equatione seus acmBus Another NF 4 + salt derived from SnF4 was obtained
tion products contain the volatile Lewis acid BFi. This by the following quantitative displacement reaction in
disadvantage of a volatile Lewis acid byproduct is anhydrous HF as a solvent.
shared by all the previously known NF 4

+ composi-
tions These volatile Lewis acids possess a relatively 40 NF4BF4+SnF4 HFs'd" NF4SnFs+BF3
high.molecular weight and a low - value (y=Cp,/C,,),
relative to the preferred diluent helium and frequently For TiF4, the direct synthesis of an NF4+ salt from
act as a deactivator for the chemical HF-DF laser. Con- NF3, F2, and TiF4 is still possible, since TiF4 possesses
sequently, these volatile Lewis acids must be removed already some vapor pressure at temperatures where
tom the generated gas prior to its use in an efficient 45 NF 4 + salts can be formed. However, the product thus

chemical laser. Based on the state of the art, heretofore, obtained is very rich in TiF4, as shown by the following
this would be achieved by adding a clinker forming equation:
agent, such as KF, to the solid propellant formulation.
The function of this additive served to convert the No' c. 5o ds > NF4Ti6F2 5
volatile Lewis acid, such as BF 3. to a non-volatile salt as 50 NF + F2 + 6Tam
shown by the following equation: The NF 4 

+ content of this salt could not be significantly

KF *-BFj -KBF 4  increased by any changes in the reaction conditions.
Displacement reactions between NF4BF 4 and TiF4 ,

The principal disadvantages of this approach are that, 55 either in HF solution or in the absence of a solvent,
even if an excess of KF is used, complete clinkering produced NF4+ salts according to

cannot always be guaranteed, and that the addition of
the KF severely degrades the yield of NF 3-F 2 obtain- NF4BF4+nTtF4 -NF4TF 5.(n-I)TiF4+BFj

able per pound of formulation This problem could be
solved by using NF4 + containing compositions derived 60 where, depending on the exact reaction conditions, n
from nonvolatile Lewis acids. However, the synthesis equals either 3 or 2.

A further increase in the NF4+ content was possible
of such compositions has previously been unknown, by the following metathetical reaction which yielded
since highly stable and non-volatile Lewis acids are (NF4) 2TiFt,:
polymeric and contain coordination-wise saturated cen- 65
tral atoms. Consequently, these compounds possess 2NF 4SbF6+CzTiF6 HF.IlW.

very little or no acidity, which renders the synthesis of 2CsSbFl +(NF 4)2TI ,

such salts very difficult
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4,172,884 4
The separation and purification procedure for this prod- tus. Starting materials: NF 4SbF 6 (9.72 mmol), Cs2SnF,
uct is analogous to that outlined above for (NF4)2SnF 6 . (4.86 mmol); weight of solid on filter = 4.24 g; weight of

The advantages of the above disclosed concept of solid in trap I11 = 1.36 g (weight calcd for 4.96 m nol of
using these novel self-clinkering NF4 + composition for (NF 4)2SnF 6t-2.01 g). Elemental analysis for solid from
NF 3-F 2 gas generators become obvious from a corn- 5 trap Ill. Found: NF3, 31 5, Sn. 25 I; Sb. 5 9 CS, 1 3
parison of their theoretical performance data. In Table Calculated analysis for a mixture (mol %) of IS2 9
I, the theoretical yields of usable fluorine, expressed in (NF 4)ZSnFO, 12.9 NF 4SbFb. and 4 3 CsSbF6. NFI,
weight percent. of (NF4)2SnF 6 and (NF4)2TiF6 are 31.72; Sn. 24.60; Sb, 5 24; Cs, 1.43
compared to that of KF clinkered NF 4BF4, the highest (NFi)2SnF6 is a white, crystalline, hygroscopic solid,
performing presently known system. The novel self. 10 stable at room temperature but decomposing at 240" C
clinkering compositions clearly outperform KF clin- Its characteristic x-ray powder pattern is listed in Table
kered NF 4 BF 4. Furthermore, the risk of incomplete I. Its ionic composition. i.e. the presence of discrete
clinkering which always exists for a clinkered formula- NF4 # cations and SnF6 - - anions was estalihed bytioni is avoided. N 4+ ctosadS [0--ain a slhhdb9 F nmr. infrared and Raman spectroscopy.

TABLE I IS The 19F nmr spectrum, recorded for a BrF5 solution,

A COMPARISON OF THE THEORETICAL PERFORMANCE showed in addition to the solvent lines a triplet of equal
OF SELF-CLINKERING (NF4)ZSnF6 AND intensity with o= -220, JNF= 229.6 Hz, and a line

(NF4)2TiF 6 WITIt KF.CLINKERED NF4 BF4  width at half height of about 5 Hz. which is characteris-
Sstcm Perfotman.e (Weih % Uitie F) tic of tetrahedral NF 4  . In addition, a narrow singlet at

NF4BF4 12KF 38.5 20 * 149 was observed with the appropriate i
17
/II

9Sn
INF 4)zSnF. 460
(NF4)2TiF6 556 satellites (average JS.F= 1549 Hz), characteristic of

octahedral SnFs- -. The vibrational spectra of
(NF 4)2SnF6 and their assignments are summarized in

Accordingly, it is an object of the present invention
to provide higher performing solid propellant NF3-F 2 2T
gas generator compositions. EXAMPLE II

Another object of the present invention is to provide A mixture at NF4BF 4 and SnF4 (9.82 mmol each) was
self-clinkering NF 4+ compositions capable at generat- placed into a passivated Teflon-FEP ampoule contain-
ing Lewis acid free NF3 and F2. .

Another object of the present invention is to provide 30 ing a Teflon coated magnetic stirring bar. Anhydrous
processes for the production of self-clinkering NF 4+ HF (10 ml liquid) was added at - 78" C., and the result.
compositions. ing suspension was stirred at 23' C. for 2 hours. The

These and other objects and features of the present volatile material was pumped off at 35" C. leaving be-
invention will be apparent from the following examples. hind a white stable solid which, on the basis of its
It is understood, however, that these examples are 35 weight (3.094 g) and Raman spectrum, consisted of 83
merely illustrative of the invention and should not be mol percent NF4SnFs and 17 mol percent unreacted
considered as limiting the invention in any sense. starting materials. The HF treatment was repeated

(again for 2 hours) and the non-volatile residue (2.980 g,
DETAILED DESCRIPTION OF THE weight calcd for 9.82 mmol of NF4SnFS=2.982 g) was

INVENTION 40 shown by infrared, Raman, and 19F nmr spectroscopy

EXAMPLE I to be essentially pure NF4SnF5. Anal. Calcd for

Metathetical reactions were carried out in an appara- NF4SnF3:NF 3, 23.38; Sn, 39.08. Found: NF 3, 23.6; Sn,
tus consisting of three Teflon FEP U-traps intercon- 38.7.

nected by Monel unions and closed off at each end by a TABLE II
Monel valve. The union between trap II and trap III 45 X-RAY POWDER DATE FOR (NFgbSnFe
contained a Teflon filter and was held in place by a d obsd d calcd Int h k I

press fit. The passivated apparatus was taken to the dry 627 636 W III
box and Cs2SnF6 and NF 4SbF 6 (in a 1:2 mole ratio) 567 570 w5 002
were placed into traps I and II, respectively. The appa- 499 004 0
ratus was connected to the vacuum line through flexible 50 367 369 212
corrugated Teflon FEP tubing. Anhydrous HF, in an 5 3 59 1 03
amount sufficient to just dissolve the starting materials, 342 342 s 3I 0

2990 2990 1 3
was added to traps I and !1. Trap I was flexed to allow 2 "1o2 8 m 00 4
the Cs2SnF6 solution to run into trap 11 containing the 2.492 2490 m 3 3 1
NF 4SbF6 solution. Upon contact of the two solutions, 55 2 347 2356 w 3 2
copious amounts of a white precipitate (CsSbF 6) 2230 2 223 4 22
formed. The contents of trap II were agitated for sev- 220 2 23 mw 5 0 2

2023 2 024 mw 0 2

eral minutes to obtain good mixing. Then the apparatus 61 1963 w 04
was inverted to allow the solution to run onto the filter. i917 I 914 m 440
To generate a pressure differential across the filter, trap 60 1992 1 881 mw 303
Ill was cooled to -80" C. After completion of the 134 1 2 s 31

1813 ;114 mw 44
filtration step, trap Ill was warmed to ambient tempera- ,763 1765 vw 5 3 2

ture and the HF solvent was pumped off. The solid 712 1712 w 6 20
residue on top of the filter consisted mainly of CsSbF 6, 1636 1 636 m 5 4 0,306

whereas the solid collected in trap If was mainly the 65 662 i 662 m 3I 6
desired (NF 4)2SnF 6 . 616 1614 mw 630

d570 I570 11w 505
The following example gives a typical product distri- Soow 6S4 0

bution obtainable with the above procedure and appara- 1 397 1 39 MW 64 3
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TABLE Il-continued Table V and again establishes the presence of discrete
X-RAY POWDER DATE FOR tNF4)2SnFa NF4 + cations.

d obsd d calcd tnt h hi EXAMPLE [it
I 387 1.386 W 6 50 5 When a mixture of NF4BF4 and SnF4 in a mol ratio or
1139 In5 w 0~ 2:1 was treated 8 times, as described in Example 11, with

1 314 mw liquid HF for a total of 35 days, the resulting non.
a 26) W volatile residue consisted mainly of NF4Sn FS, unre-
1 231 %Vacted NF4BF,, and only a small amount of (NF4)zSnF.,
1212 mw 1 X MLI
1191 W 0EA PEI
1 177 mw

Ir-s-1.. a 10 028-k 11 06A. CU. K.,.dsali Ne film T1he metathetical synthesis of (NF4)2TiF6 from satu-
rated HF solutions of NF 4SbF 6 (10.00 mmol) and

TABLE IlI
Vibrational Spectra of Solgd (NF4))SnFh

-Obsd Freq (cm - ) Assignments
and Ref len (Point Group)

IR Raman N F4 * (Td) SnFO.%)

1224 M. 2' 4 (A +E + F

32 sh.vw vi + ivj(FjI
1059 'W v2 + Y4 (F I + Fj)

10.16 - 811(01) 2v2(Al + Az + E) 2+v(F.+i)

94v. 853 (10) &,1 (Al)
61) mw 613 (50) '

605m rn 07( 15) v4 (FI)
379 to3) Ivi (A If)

350 VS - i (Ft.)
470(0+) be v2 (Eg)
449:3191

442(29) ) E
251 (3 3) vs (Fig)
94 (0)3) Latce vibration

C32TiF 6 (5.00 mmol) was carried out in the apparatus
NF4SnF5 is a white, crystalline, hygroscopy solid, described in Example I for the synthesis of (NF4)2SnF.

stable at room temperature and decomposing above After combination of the solutions of the two starting
200* C. Its characteristic x-ray powder pattern is listed materials at room temperature and formation of a
in Table IV. 40CsSbF6 precipitate, the mixture was cooled to - 78* C.

and filtered. The volatile materials were pumped off atTABLE IV 5O' C. for I hour. The filter cake (3.85 g) was shown by
X-RAY POWDER DATA FOR NF4SnFi its x-ray powder diffraction pattern and vibrational

obsd tnt d obsd tnt spectroscopy to be mainly Cs.SbF 6 containing, due to
7 72 mw 2 371 mw the hold up of some mother liquor, a small amount of
6 32 VS 2 519 VW 45 (NF 4)2TiF. The filtrate residue (1.55 g, weight calcd
5369 W 21276 W for S mmol of (NF4)2TiF6 = 1.71 g) had the composition
4 51 m 2.064 anj (mol%): 88.5 (NF4)2TiF6 and 11.5 CsSbF 6. Found:
4(19 m 1963 mw NF3. 36.2; Ti, 12.2 1; Sb, 4.11t; Cs, 4.4. Calcd for a mix-
3 80 Vs , 929 W ture of 88.5 (NF4)2TiF6 and 11.5 CsSbF 6: NF3, 36.43;
346 mi 1.820 m 50Ti, 12.29; Sb, 4.06; Cs, 4.43. Based on the observed
3 32 m 1.780 mwV311 mw 1.757 .mw Raman spectrum, the composition of the filtrate residue
2 868 w 732 mw was estimated to be 90 (NF4) 2TiF6 and 10 CsSbF6. in
2 802 W 1.700 111% good agreement with the above elemental analysis.
2 743 m 1.61 VW (NF4)2TiF6 is a white, crystalline, hygroscopic solid,

2631.639 W 5 stable at room temperature, but decomposing above
A 200' C. Its characteristic x-ray powder pattern is listed

in Table VI.
Its ionic structure, i.e., presence of NFa+ cations, was
established by its 19F nmr spectrum in BrF5 solution. In TABLE V
addition to the solvent lines, it showed the triplet (see 60 Vibrational Spsectra or Solid NF4SIFi
above) at #= - 220. characteristic of NF4 +. Two reso- Otsd Freq (cm - )
nances were observed for SnFS - at io= 145.4 and 162.4, and Re) Itlns
respectively, with an area ratio of 1:4. At - 20' C. the NFeSnFi Assianments (Point Group)
resonances consisted of broad lines, but at lower tem- IR Raman NF4 " (Td)

peratures the 40= 162.4 signal showed splittings. Based 65 1222 mw 1190) 2v4(A I+ F + F2 )
on a more detailed analysis of these data, the SnFs - 1165 vi 1159(08) viF2

ano per ohave adiameric or polymeric struc- 13 (0 SO )

ture. The vibrational spectrum of NF4SnF$ is listed in 1134 W'sb
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TABLE V-continued TABLE ViI-contanued

Vibrational Specira of Solid NF 4SnF. VIBRATIONAL SPECTRA OF SO[ ID (NF 4)'TiF,

Obsd Freq (cm I) Obd Freq (cm- 
t

) and
and Re1 Intern ReJ Iniens Atsvsnmenis (Point Group)

NF 4SnF5 Assignments (Point Group) JR Raman N 4 (lI IF, - (Oh)

IR Raman NF 4 ' (Td) 601 (80) v,(Ai,)

1061 w v2 + V4 (FI + F2) 563 vs V01.)
1048 w 452 vw 450(33)

A1 (0.2) jv2(AI + Al + E) 442(26) V2(E)
M5 VW 851 (10) vi (A 1 10 289 (8 2) vg(FZr)

635 vs 107 (0 # )
622 (91) 86)(2) Lattice Vibration,

605 mw t" (3 1) v4 (P1)
575 vs 774 

(05)

559 w. sh 558 (2.0) I5 EXAMPLE V
490m 490(0+) TiF 4 (11.3 mmol), NF 3 (200 mmol), and F2 (200
458 m mmol) were heated in a passivated 90 ml Monel cylin-

( ) V2 () der to various temperatures for different time periods.
440(2 3) / After each heating cycle, the volatile products were
272 (0.6) 20 temporarily removed and the progress of the reaction
247 (2.4) was followed by determining the weight gain of the
222 (1) solid and recording its vibrational spectra. Heating to
i97 (06)
154(0+) 200" C. for 3 days resulted in a weight gain of8 mg and
135 (02) the vibrational spectra showed mainly unreacted TiF425

in addition to a small amount of NF4 + and a polyper-
TABLE VI fluorotitanate (IV) anion (probably Ti6F 2 5-) having its

strongest Raman line at 784 cm - 1. During the next two
X-RAY POWDER DATE FOR (NF 4)2TiF60 heating cycles (190*-195" C. for 14 days and I80" C. for

d obsd d calcd Int h k I 30 35 days) the solid gained 149 and 41 mag. respectively, in
6.23 626 vw I I I weight. The vibrational spectra did not show any evi-
5.57 5.56 vS 00 2 dence of unreacted TiF4, and the relative intensities of
4.93 4.93 W 2 02
3.49 3.50 S 203 the bands due to NF4 + had significantly increased.
3.39 3.39 s 3 2 0 Furthermore, the 784 cm - I Raman line had become by
2.94 2.93 ms 2 ) 3 35 far the most intense Raman line. Additional heating to
2 782 2.778 in 004 230" C. for 3 days did not result in significant changes in
2.465 2.463 w 3 3 2 either the weight or the vibrational spectra of the solid.
2.315 2.318 mw 323
2201 2.200 s 4 2 2 Based on the observed weight increase and on the lack
2.100 2.01 w 5 10 of spectroscopic evidence for the presence of lower
1 990 I.990 vw 5 20.302 40 polyperfluorotitanate (IV) anions, the solid product
1.892 1.894 m 640 appears to have the approximate composition

1.665 1.664 mw 226 NF 4TibF 25 (calcd weight increase, 205 mg; obsd weight
1 641 1,644 mw 3 0 6 increase 198 mg).

"iiua.og a. a = 10 71SA, = II 114A, C, K r,,om. N, flle, 45 EXAMPLE VI

Its ionic structure, i.e. the presence of discrete NF4+ Displacement reactions were carried out either in HF

cations and TiF 6 - - anions was established by 19F nmr solution at room temperature or by heating the starting

and vibrational spectroscopy. The 19F nmr spectrum materials in the absence of a solvent in a Monel cylin-

showed the triplet at +=-220, characteristic for 50 der. For the HF solution reactions, the solid starting

NF4 + as shown above, and the characteristic TiF6- - materials (6 mmol of NF 4BF 4 in each experiment) were

signal at 0 = -81.7. The vibrational spectra are listed in placed in a passivated Teflon FEP ampoule and 15 ml of

Table VII. liquid anhydrous HF was added. The mixture was
stirred with a Teflon coated magnetic stirring bar at

TABLE VII 55 room temperature for a given time period. The volatile

VIBRATIONAL SPECTRA OF SOLID (NNeJiFt, products were pumped off at 50" C. for 3 hours and the
Obad Freq (cm-) and composition of the solid residue was determined by

Rel intent Assignments (Point Group) elemental and spectroscopic analyses and from the ob-
IR Raman NF 4 '(Td) TiF6 - (O served material balances.

1219 mw 2v4(Ai 4 E + F2) 60 The thermal displacement reactions were carried out
1160vs 2258(14) in a prepassivated 90 ml Monel cylinder which was
1132 sh.vw V) (F2) heated in an electric oven for a specified time period
1060 VW Y2 + v4(Fi + F2)2021 W The volatile products were separated by fractional con-

910 VW ul + v4(Fl2,) densation in a vacuum line, measured by PVT, and
8$3(0,1) 2v2(Ai + A2 + E) 65 identified by infrared spectroscopy. The solid residues

830 Shvw 853 (10) vi (Aj) were weighed and characterized by elemental and spec-

611 mw 612 (0) V4 (FzI) troscopic analyses. The results of these experiments are
607 sh summarized in Table VIII.
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TABLE V111

RESULTS FROM THE DISPLACEMENT REACTIONS
BETWEEN NFrnDFs AND TjF4

Reactansts (mci) Reac. Pmoduct (mot)

Coatditio"

NF4 BFA(6). untreated TiF4(6) HF. 24* C.. Ilk NF4Ti:F#(4). NF4 BF4(4)
NF4BF4(6). untreated TiF(12) HF. 24' C., 72h NF4Ti 2F,(6)
NF.BF4(6). Irefluor. TiF.(6) HF, 24' C., 138hI HF4Te3j 3(-2). NF4BF4(-4X

small amount o( NF4T'2 F9
NF4RFu(6). peefiuoe. TiFu(12) HF. 24' C.. 90h NF4TisFj(4). NF43F 4(2).
NF4BF4(6). untreated TiF4(6) 190* C.. 18h NFtTilF9(-J). NFI(-3), BFI4-6).

small amounts ot NF.BF4 and NF4TI)F1)
NIF401 40). untreated TIP4(6) IW0 C.. 00NhT~~ 1 2) IU~(. NI tt2 6%)

"F0,6 1
NFaBF 4(0). prefluor. TiF4(6) 170' C.. 20M NF4TmiFq(J) NP4SF4(3) 3F 3(3)
NF4 OFu(6). prefluor. TiF4(12) 170* C.. 20h

NF4TiZP,43.6).

Bfj(!.4 NF 4BF4(0.6)
NF 4DF4(6). prefluor. TiF4(12) 170' C.. 192h NF4Ti2 Fq(6) BF3(6)

3. A compound for use in an improved NF 3-F2 gas
Obviously, numerous variations and modifications generator, said compound having the general composi-

may be made without departing from the present inven- lion (NF4 + )nAn -, wherein A4 is SnF5 and is self-
tion. Accordingly, it should be clearly understood that clinkering.
the forms of the present invention described above arc 25 4. A process for the poduction of (NF4 +hSnF6- -

illustrative only and are not intended to limit the scope comprising the steps of combining a soluble N FAI+X-
of the present invention, salt with a soluble alkali metal salt of SnF 6- - in a suit-

We claim: able solvent to produce an insoluble alkali metal X salt.
1. A compound for use in an improved NF3-2 gas and filtering off the precipitated insoluble alkali metal X

generator, said compound having the general codiposi- 30 salt from the solution containing the soluble
tion (NF4 +)nAM-, wherein An- is derived from SnF4  (NFt+)2SnF6- - salt.
and is selt-clinkering. S. A process for the production of NFoSnFs, com-

2. A compound for use in an improved NF3-F2 gas prising the steps of treating NFOBF4 in an anhydrous
generator, said compound having the general composi- HIP solution with an equimolar amount of SnF4 and
tion (NF4+)nAfl-. wherein An- is SnF6-- - and is self- 35 removing alf products volatile at room temperature.
clinkering.aa

40

45
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and NFtBF4 were found to he stable at 150" C and rfo;,
HIGH DETONATION PRESSURE EXPLOSIVFS weight tests of the lIMX/NI:sB 4 rr cliuv %h,,t.t

only a moderate ncrcaw in sensitivity over that of purc
BACKGROUND OF THE INVENTION HMX.

I Field of the Invention. 5 The examples given in the above table are illustratis

This invention relates to insensitive, high perfor- only and are not intended to limit the scope of the in-

mance explosives. vention. Other commonly used, underoxiditcd oreanic
2. Description of the Prior Art. nitro compounds of suitable stability could be sith,t-

The use of organic nitro compounds as explosives is tuted for the explosives given as examples in :he table
well known. These compounds are self-oxidizing, i.e.. 10 Similarly, other inorganic oxidizers could be substituted
the nitro groups provide the oxygen used in oxidation, for those listed in the table.

The highest detonation pressures achievable with the The primary requirements for suitable oxidizers are
currently used organic nitro compounds are about 390 high energy content, high density, high thermal sahility
kbar. Further, the best performers (those from which and low reactivity with the organic nitro compounds.
detonation pressures approaching 390 Kbar are achiev- 15 From this point of .iew, NF4+ containing salts are
able) are highly sensitive. Thus, the use of the highest ideally suited. The NF 4 +cation is isoelectronic with
performing organic nitro compounds as explosives is the extremely inert CF4 molecule and. therefore, in pitc
risky and impractical. On the other hand, the lower of its high energy content, a relatively high ai52ion
performing explosives which possess acceptable stabil- energy is required to cause it to react with other ,..rn-
ity are, without exception, underoxidized and generally 20 pounds.
exhibit low densities. The densities of the stable explo- The concept of this invention is not limited to fluo-
sives are generally less than two grams per cm3. These rine containing oxidizers As can be seen from the et-ani-
two factors, i.e., the underoxidized nature of the stable pie of Ti(C10 4 )4 in the table, this fluorne-free oJ,-".-
organic nitro compounds and their low deinsities se- 25 equally useful. By analogy with the NF 4 - ,alto. i
verely limit their performance. 0 4)4 possesses all the necessary properties for . ..

SUMMARY OF THE INVENTION an explosive ingredient.
Although oxygen containing oxidizers will be as c".

It has now been found that the performance of explo- fective as fluorine containing oxidizers in :nost cxi-h:.
sives based on commonly used organic nitro com-
pounds can be increased to sout 530 kbar by addi 30 sives, fluorine containing oxidizers are advantageois in

p aluminized formulations. The addition of ahminum r,
certain dense and stable but highly energetic inorganic known to increase the performance of an explsivc, bu:
oxidizers. Among the suitable oxidizers are: the AI203 combustion product formed in a f~uorine-frc"
(NF4hTiF6, NF 4 BF4. Ti(CI04 )4, (NF 4)2 NiF6and other

hereinafter named compounds. system may not remain for a long enough time in the ga'
35 phase. AIF 3, on the other hand, is formed as a combus-

DESCRIPTION OF THE PREFERRED tion product when fluorine containing oxidizers are
EMBODIMENTS used. Since AIF 3 (sublimation point 1270' C.) is mu,.h

Typical examples of performance increases achiev- more volatile than A1203 (boiling point 2250" C). the

able by the use of the inorganic oxidizers of this invea- use of fluorine containing oxidizers offers a distinct

tion are illustrated in the following table. 40 advantage for aluminized systems in that efficienccs
higher than those obtainable with oxygen containing

TABLE oxidizers are achieved.
Examples of Theoretical It has been stated above that the oxidizers listed in the

Perfornance Improvements table are illustrative only. Examples of other suitabl,.
Dh enat N oxidizers are NF 4 + salts such as: NFaShF. .

NF 4SbF6, NF4HF 2, NF 4BiF6, NFAPF6. NF 4GeF%.

Nitroqulidine (NQ) 100 255 NFiAsF6 NF 4Ti 2F9, NF 4Ti 3FI., NFaTitF2s.
NQ + (NF 4h T1F6 43-57 349
Tnammoinntrobentene (TATS) 100 210 (NF4 )2SnF6and NF4SnFs and other metal perchlorate.
TATS + NF4 9F 29-71 375 The salts disclosed herein are not soluble in organic
TATS + (NF 4h TiF6 3000 4W so nitro compounds so their use in liquid explosives in
HMX 100 382
HMX + NP4 0SN051-49 449 conjunction with liquid organic compounds is not pc"ssi-
HMX + Ti (C04 )4  70-30 456 ble. However, they may be used in plastic bonded
HMX + (NF42 TiF6 32-41 471 (solid) explosives of the type wherein explosive ingrcdi.
HMX + (NF4h NiF 6  56.44 527 ents are bound in a suitable binder (many of which are

55 known in the art) and in slurries where oxidizer parti-
The detonation pressures set forth in the foregoing des are suspended in liquid organic nitro compounds.

table were calculated by means of the Kamlet correla- What is claimed is:
tion (J. Chem. Phys. 48, 23 (196)), a method commonly 1. An explosive composition comprising an explosive
used for the performance evaluation of explosives. The organic nitro compound, and enough of a dense inor-
percentage of oxidizer used was chosen to obtain coin- 60 ganic oxidizer having an NF 4 + ion in conjunction with
plete combustion of the organic nitro compound (to said organic nitro compound to improve detonation
C02, N and HF in the case of HMX or NQ and to pressure.
COF2 , N2 and HF in the caw of TATB). As can be een 2. An explosive composition according to claim I
from the table, the performance of organic nitro explo- wherein said NF 4 + containing oxidizer is selected from
sives is significantly increased by the addition of dense 63 the group consisting of (NF4)2TiF 6, Nf' F4 ,,
energetic inorgaic oxidizers. (NFi)iNiF6, NFtSb3Fit, NF.SbF6. NF 4 HF, NF4BiF,,

Laboratory tests have shown that the oxidizers and NF4PF6. NFGeFs, NF4AsFa, NF4TiiF9, NFtTiiFlt.
explosives are mutually compatible. For example. HMX NF 4Ti6F2 s, (NF4) 2SnF 6 and NFSnFs.
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5. An explosive composition according to claim 4

&. An explosive composition according to claim I wherein said organic nitro compound is nitroguanidine

which is du'ried explosive wherein particles of said and said dense inorganic oxidizer is (NF,) 2TiF&
6. An explosive composition according to claim Idene inorganic oxidizer are suspended in a liquid or- 5 wherein said organic nitro compound is tnaminolrm-

Pak nitro compound. trobenzene and said dense inorganic oxidizer is selected
from the group consisting of NF4BF4 and (NF4)2TWF.7. An explosive composition according to claim 1

wherein said organic nitro compound is selected from wherein said organic nitro compound is HMX and said

the group consting of tainotratrobenzee n i0 tdne inorganic oxidizer is selected from the group
consisting of N]4]F4. (NF4)zTiF6 and (NF4)zNiF&

t-oguanidine and cyclotetrasLethyleantetranitramine. a a a

20
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